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Abstract: Restoration of oldgrowth foreststructureis an emergingsilvicultural goal
especially in those regions wheotd-growth abundancéalls below the historic range of
variability. However, longitudinal studies of efftowth dynamics that can inform
silvicultural and policy options areew. We analyzed the change structure, inalding
stand density, diameter distribution, and the abundance of large live, standing dead, and
downed dead trees on 58 laigccessional and olgrowth plots in Maine,USA, and
compared these to regional data from the U.S. Forest Inventory and Analygismr
Structural dynamics on the laseiccessional plots reflected orderly change associated with
densitydependent growth and mortality, but dynamics on thegodavth plots weranore
variable. Some plots experiemd heavy mortality associated with beeblrk disease.
Diameter distributions conformed poorly to a classic exponential distribution,iémbd
converg toward such a distribution at the plot scadthough large live trees showed a
broad trend of increasing daty in regional forests, recemarvesting patterns offset a
considerable fraction of tse gains, while mean diameter svstatic and e number

of large dead trees wageakly declining.Even thoughorests of the northeast are aging,
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changes in silvicultle and forest policyare neassaryto accelerate restoration of
old-growth structure.
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1. Introduction

Old-growth forests provide a range of ecosystem services, including carbon steiggg.,@]),
biodiversityelementd3], and recreational and amenity bengis Globally, the area of both primary
and oldgrowth forests is decliningsi 7]. However, in some areasd forests are believed to be
increasing on the landscap@ne of these ihe northeastern United States, where forest area and age
structure have generally been recovering following a history of agricultural clearing and extensive
exploitation of remaining forests in theth@entury[8i 10]. As a consequence of that lande hisory,
the age structure of forests in northeastern North America is likely much younger than that before
extensive European settlemetli 14], but many anticipate a broad restoration of at least some
late-successional and elgrowth structure as thoserésts agen portions of the regioite.g, [15]).

To the degree that laticcessional and clgrowth forests are underrepresented on the landscape,
managing for the restoration of structures and services associated with those forests could be ar
importart silvicultural goal[16,17]

Bauhuset al [18] identify three mairstrategies fomaintaining and increasing the representadibn
old-growth structureand services on the landscape: reservation, retention, and restoration. Reservation
involves setting aside areas from harvest, which may be effective in preserving existgrgvakal
and providing opportunities for the development of younger forestdateéedevelopmental stages,
but this approach requires great patience and an awareness of the risks posed by disturbance. As suc
it can be both land and capiiatensive. Retention involves the maintenance of some stands, or
structural components withisome stands, beyond what would be typical in busiaessual
silviculture. Restoration, by contrast, entails active attempts to foster structural attributes such as large
live and dead trees, accelerate stand development, and increase structur&y dimdrsiomplexity
within the stand16].1 n t he nort heast er n Ul9Rmphasibebacomdnuons a n
spectrum of approaches for restoring -gfdwth structure, from passive to active management.
Although restoration of structure does notcessarily restore athld-growth functionswe focus on
it here as a definable, measurable characteristic of forests that is at least potentially amenable
to management

Generalstructuralpatternsassociated with temperate ajdowth forests have beevell-established
in the existing literature(see[20] for a recent review)These includdarge quadratic mean diameter
(QMD), increasedhbundance of large treeamdelevatedamounts ostanding and downegecromass
in comparison to younger forest@hesepatterns have been corroborated for forests in the northeastern
United States, and existing studies have prov
conditions in the remnant oelgrowth stands of the region or in compositionally similar srea
elsewhere in North Americée.g, [21,22]). However, late-successional and clgrowth forests are
dynamic.For example, in the carbon context, there has long been a perception thaivatid forests
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approach a #fAst ead yiogedcherstey@ndmenatmosphiencexclaf{@324j buk r
more recent studies have suggested thagdevth forests may continue to serve as net carbon sinks
for an extended periof2,25,26] Conversely, other studies have emphasized the risk tgrolith
structues and carbon storage from disturbanfZ528] Nonetheless, most studies of -@wth
structure in the northeastern United States are based eimeEneneasurement®.q, [21,22,29,30},
reconstructionsn combination with onéime measuremen{81i 33], or studies in which plots were
located in the same general area but not in identical locgdBdfsAt first glance, the study by Filip
etal[35]mi ght appear to be an exception, but the
to modern dénitions. Thus, in general, there is a need for studies that link structure to dynamics and
underlying mechanismf33], and analyses of data from remeasured plots, (B86i39]) are rare
and geographically sparskloreover, in the context akstoration, there is aeed formore specific
silvicultural targets and guidelines that reflébe likely dynamics and changes in these forests over
time, including responses to disturbance.

The gpals of this study are:

1. To quantify existing structure arglructural change in a series of remeasuredslateessional
and oldgrowth forest plotérom northern Maine, USAwith a focus on stocking levels, diameter
distribution, and structural legacies including large live trees and standing and downed
dead wod.

2. To put these intensively studied plots in a regional confertompassing northern New
England and New York)by examining the abundance, development, and harggsitterns of
late-successionabnd oldgrowth plots from the U.S. Forest Service, Forest Inventory and
Analysis program.

3. To suggestboth silvicultural strategies and policy directions to enhance the prospect for
the restoration of lateuccessional and elgrowth structures in forestsf the northeastern
United States.

2. Experimental Section
2.1.Intensive PloData and Analysis

Data used in this study come from a series of permanent plots established between P2@R and
to evaluate the impacts of harvest regimes on forest structure across Maine, including partially
harvested, latsuccessional (LS), and efgfowth (OG) stand$40,41] LS plots were established
between 1998 and 2002, while OG plots were established & 18%nd OG stands were remeasured
in 2011 with some LS plots excluded due to staaglacing harvest disturbanc®lots were
established in northern hardwood and spificsetands. Northern hardwood plots were characterized
by Fagus grandifolia(American beech, Acer saccharun{sugar maplg andBetula allegheniensis
(yellow birch). Sprucefir plots were characterized Bicea(predominantlyPicea rubensred spruce;
with occasionaP. glauca white sprucgandAbies balsamegbalsam fij. Gunnet al [42] report on
the changes in aboveground carbon stocks; here, our focus is on structural change.

LS plots(n = 23) were located in Kibby and Skinner Townships, northern Franklin County, Maine
(cent er edN atn d4 WORABNjalyowned forestlad that had 100 years of harvest



Forests2013 4 1058

history. Although these plots had field or documentary evidence of limited prior logging, they were
classified as LS stands because they lacked evidence of natural or humareptacihg disturbances
based on field obseations (e.g., tipup mounds, fire scars), historical stand maps, logging records, and
tree increment cores from the plosges of canopy trees on these plots, based on sanded cookies
taken from near ground level, ranged from 87 to 180 years with a meart &89 years (A. Whitman,
unpublished datp43]).

OG plots(n = 35) were located in the Big Reed Forest Reserve, located in northern Piscataquis
County, Maine ( alp pa mod Winahck ljownedl &ndl 2nankijed by The Nature
Conservancy. Tki2000 ha reserve is one of the few extensive areas-giroldh forest in northern
New England.These sites lacked any field or documentary evidence of past logging or other recent
anthropogenic disturbancEraveret al [44] found no evidence of stamdplacing disturbance during
the last 120280 years on their plots at Big Reed, and our plots are located in close proXinaty.
high conservation value of these sites prevented direct estimation of tree ages on our plots, but
previous authors have estimated a maximum tree age of approxi2@deygarg45].

At both LS and OG sites, plot locations were chosen at ramdtnm polygons derived from stand
maps, and field crews did not relocate plots to avoid gaps or patches of regeneration, or to attempt tc
include fAexemplaryo features such as |l arge | i\
Except for diametersf dead coarse woody material (DCWM), the original measurement methods (as
described if41,42) were used at remeasurement. For standing trees, diameter at breast height (DBH)
of all live and dead stem3.6 cm DBH or larger) was measuréadl the nearestm, and decay stage
(using an &lass systemf42]) was assigned for the entire tréedead for each piece of DCWM
(10 cm or greater mighoint diameter, 30 cm or greater in length) length and poidt diameter was
measured and a decay stagesing a sindard Eclass system[42]) was assigned. At the initial
measurement, DCWM diameters were measured using a linear tape measure held horizontally over th
log. Calipers were used at tmemeasurementThe initial measurement method may overestimate
mid-point diameter compared to the remeasuremmeethod, but the effects on estimated changes in
DCWM abundance are likely small in comparison with sampling variability. Moreover, in 1995, the
dimensions of the entire DCWM piece were recorded if any portion feflion the plot. Using the
ordinary expansion factor.¢., the reciprocal of plot area) to scale each piece fterehectare value
would lead to biased estimates under this protptgjl During remeasurement we measured both the
full dimensions of edt piece (e.g., the initial protocol) and the dimensions of the portion on the plot,
but present the analysis using the full dimensions here for consistency. DCWM abundance and volume
per ha wagalculated from these datsingunbiased expansion factgi2]. However, the field crew
in 1995 appeared to have used different operational definitions for dealing with buried or concealed
downed wood, and may have differed in search efficiency. Thus, the downed wood data for the OG
stands at the initial measurent are not comparable to those on the OG stands upon remeasurement,
or to the LS stands at either tif#2]. Thus, we present the downed wood data only from 2011 for the
OG stands here.

For each plot at each measurement period, we computed basic descoiptstand structure
including trees per hectare, basal area per hectare, and quadratic mean diameter. H8llpwiag
defined large trees as those with DBH 40 cm or greater, and calculated the density and basal area c
large live and dead trees accoigly. To explore the dynamics of these stands graphically, we plotted
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whereN is the total number of trees per hectare in the standQ&D is quadratic mean diameter

(cm).However ,, 3IPewas @igirally sleveloped for evaged monocultures, not complex,

mixed-species such as those in this study. To gain further insight into LS and OG stand dynamics, and

to provide a measure of comparability to silvicultural guidance for conventiarassin the region,

we calculated a speciegeighted, additive relative density measure (SWARD) developed for
northeastern fores{d48]. Specifically,

Y& YO YO OmtmTp udt T Y 06 @ u 8

where the summation is over the trees on a plot or in a si&tdi,is the number of trees per hectare
represented by thigh tree, SG is its wood specific gravity, andBH,; is its diameter at breast height.
SWARD takes a value of 0 for a completely unked stand, and a value of 1 when stocking is
comparable to normal density orlive stocking §ensu49]). Values exceeding 1 do occur in heavily
stocked stands, whilealues of 0.50.6 approximate crown clase or B-line stocking for most
stocking chartsised in the northeastern United Std#e3.

We also examined diameter distribution and its change over time on the LS and OG plots.
Following the pioneering work of Mey¢50,51], many studies have considered diameter distributions
with a constant BpBHguer ofi gucet iLeinotc oaufr t ddismuni t i o
hallmark of uneveraged structure. Diameter distributions with a consaz@nform to the exponential
distribution[50,53] However, other studies have noted the tendency for both managed -agedn
stands and olgrowth stands to tend toward a rotategimoid distribution54,55], and Keetor{16]
specifically suggests a rotdtsigmoid management target for northern hardwood stands in the region.
After initial consideration of a range of candidate diameter distribution formulations, we chose to test
the exponential, the Weibyb6], and the generalized gamfi®&,58] The Weibli is perhaps the most
widely used distribution for modeling diameter distributions in forests, and includes the exponential
asaspecialcase 't can take ofAioband ohamesdal ideséer seé
gamma is yet more flexiblend includes the Weibull as a special case. It can take on additional shapes,
including some rotated sigmoidSor consistency of notation, we express all diameter distributions in
this study i n [58 pamseteoizationvod tbeogaenaralizgdinsna,

o Q7
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wherea, b, andp are parameters to be estimatadn dp) i$ the gamma function. The parametars
andp control the shape of the distribution, whilés a scale parameter. In terms of this notation, the
Weibull distribution is

. Q7
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Note that the parameterhere is identical with the shape parametén Bailey and Dell (1973).
The exponentiadlistribution in this parameterizatiofs:
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exponential distribution should provide the best fit bé tthree distributions after appropriately
accounting for parsimony. If the stands were converging toward that state, we might expect the
Weibull or generalized gamma to provide a better fit, but with shape parameter (or shape parameters
in the generalizé gamma case) converging over time toward/a.fit all three distributions to the live
tree diameters on each plot each yeaby maximum likelihood, using lefruncation at7.5 cm to
reflect the minimum measurement diameter for the field data. Fitteg) conducted using custom
scripts written in MATLAB (Mathworks, Inc., Natick, MAUSA). Model fits were compared using
Akai keds | nf o (AlGa[b960] 0 asSass whielr distobation formula provided the best
predictive model, both for individual plots and for LS and OG plots as a wlsleg pooled
AIC.values as appropriate).

2.2.Regional Analysis

To put the LS and OG plots in regional context, we wdzt@ from the U.S.D.A. Forest Service,
Forest Inventory and Analysi-IA) program.FIA is the national forest inventory for the United
States, and includes plot data collected across all ownership types. FIA installs one plot, consisting of
a cluster offour 7.33 m radius subplots, per approximately 2000 ha of forested land (trees between
2.54 and 12.7 cm DBH are measured on nested micropkis).aggregate area of an FIA plot is
comparable to that of the rectangular plots used in the LS and OG stautisn.1).Plots are
remeasured on a nominal five year interval and approximately 20% of plots remeasured in any given
year. Full details of the FIA program and its procedures are givgsiLhy

We used data froriersion 5 of the FIA databag€&IADB), downloaded orl2 October 2012. We
eliminated plots that were mapped as having mixed condition éergixture of forest and nonforest
conditions on the plots), as interpreting plo
condition as reé#icting stand attributes is problematic. For this analysis, we includedemgasured
plots norNhaod &2&4AW &HiHdy 2goA that Mpcompasses northern New York
(including the Adirondacks, which contain some -gldwth areas) as wels the northern New
England states of Vermont, New Hampshire, and Maatang with a limited area in the adjacent state
of Massachusett$-1A does perturb the plot locations in tRRADB by as much as a few kilometers to
preserve plot integrity and landoer confidentiality butthat has little impact on a regional scale
analysis such as this one.

We used stand age as recorded in the FIADB at the last plot measuremen2(200with a very
small number of plots measured in 2012) to estimate a year af stablishment. FIA uses a
weighted average of three increment cores, typically read in the field, to estimate stand age. While this
measure can be problematic, it provides the only consistent estimate of stand age distribution for the
region. We calculad QMD and SWARD (using only tre&ss cm and larger DBH, for caparability
with the LS and OG plots), as well as the number of large (40 cm DBH and larger) live and dead
trees per hectare. We separated the plots by broad ownership categoryvguiin@te), protection
(unprotectedss protected), and harvest status (those plots with harvested trees during the prior 5 year
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measurement intervals those that did not). Because remeasurement intervals for a small number of
plots deviated from the nomih& years, we rescaled all changes toy&ear period for summarization

and before conducting any statistical analySgatistical analyses includeédests, chisquare tests, and
analyses of variance and were conducted in the R statistical pd6Rdge

3. Results and Discussion
3.1. Intensive Study Plots

General structural attributes of the LS and OG stands are summarized in Tdhlgetms
of average species compositiothe LS stands were dominated at the initial measurement by
Acer saccharum(SWARD = 0.256), Abies balsamea(SWARD = 0.138), Betula papyrifera
(SWARD = 0.104), andBetula allegheniensi$SWARD = 0.086), with other species contributing
0.122 to the SWARD of the average plot. This average composition remained quite stable through
2011 (SWARD = 0.268, 0.144, 0.094, 0.090, and 0.126 fscer saccharumAbies balsamea
Betula papyrifera Betula allegheniensjsand other species, respectively). By contrast, species
composition of the OG stands showed greater change. At the initisureezent, OG stands were
dominated by Acer saccharum(SWARD = 0.251), Fagus grandifolia (SWARD = 0.143),
Picea rubens(SWARD = 0.128), andAbies balsamegdSWARD = 0.069), with other species
contributing 0.126 to SWARD. But by 201Fagus grandifoliaand Picea rubenshad switched
position, with contributions to SWARD of 0.236, 0.116, 0.077, 0.051, and 0.1A&dyysaccharum
Picea rubensFagus grandifolia Abies balsameaand other species respectivefhe reduction of
Fagusin the OG stands was accomgad by a loss of basal area and a reduction in average stocking
levels as measured by total SWARD, while these both increased slightly in the LS stands.

Table 1.General structural attributes of legaccessional (LS) and efftowth (OG) stands.

Stand Period Basal Area, ni/ha Trees/ha QMD, cm SWARD
Type Mean Min Max Mean Min Max Mean Min Max Mean Min Max

Initial 30.2 20.8 42.7 923 320 1980 22.2 14.6 34.0 0.706 0.437 0.947
2011 31.8 224 547 837 360 2240 239 153 345 0.721 0.536 1.034
Initial 33.8 21.7 545 661 360 1,020 259 199 36.8 0.718 0.354 1.167
2011 30.6 16.6 499 59 340 880 258 181 359 0.635 0.405 1.026

LS

The results in Table 1 are broadly comparable with those from studies of stands with similar
composition from northern North Ameriee tabulated if20]. For example, McGeet al. [30] report
basal areas from 29.1 to 33.7 and QMD from 27.0 to 33.1 cridigrowth hardwood stands Mew
York, Beaudetet al [63] report a basal area of 29r&/ha and QMD of 31.6 cm in olgrowth
Acer saccharuntragus grandifoliaforests in Quebec, Keetaat al [64] report basal areas from 24.0
to 33.0 "ha and QMD from 18 to 20.5 cm in ripariamature andld-growthforestsin New York,
and Hooveet al [65] report basal areas from 21.1 to 454ha and QMD fromi4.2 to 31.0 in twelve
hardwooddominated olejrowth stands in Vermont, New Hampshire, and Maine.
The average bundance of largéve trees,large standing dead, andrgedowned deadnaterial is
shown in Table 2. The OG stands did show elevated abundance of large live trees in comparison to the
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LS stands, but the patterns for standing and downed dealgssreclear due to betwegiot and
intertemporal variability. Table 2 reflects the large living tree size thresholds used by Whitman and
Hagan[3]. Recalculation of large live tree density using the more conservative 50 cm threshold used
by Burrascancet d. [20] yields results that arsimilar to some of the results in their tabulation.

In 2011, the LS stands had 1Gt42.4 trees/ha greater than 50 cm DBH, while the OG stands had
33.7+ 9.5 (densities at the first measurement were not statisticallyetithe By comparison[64]

report large live tree densities (50 cm and larger) afl21trees/ha in mature and 37 trees/ha in
old-growth Adirondack stands, whil@80] report 17 and 65 trees/ha in mature andgsvth forests

in the same region, respedly. Although separated geographically by hundreds of km, and slightly
different in species composition and site characteristics, these similarities do suggest compatibility
across the region in setting broad structural targets for restoration.

Table 2. Structural legaciesincluding density and basal area ytm), large live and
standing dead treé&40 cm DBH) as well aglensity and volume (ftha) oflarge downed
dead wood(&40 cm midpoint diameter)in latesuccessional (LS) and effrowth (OG)
stand. Results are shown as mesh standard error.

Large Live Trees Large Standing Dead Large Downed Dead
Stand Type Period Trees/ha Basal Area Trees/ha Basal Area Pieces/ha Volume
LS Initial 29.6+8.2 54+16 1.7+1.2 0310.2 7.3+1.7 12.1+3.3
2011 38.33#9.1 6.8+1.8 35+2.0 0603 7.6+1.6 11.5%4.1
oG Initial 66.3+6.1 13.7+1.4 4.0+1.6 0.8+10.3 - -

2011 72.6x59 153+1.3 23+*14 05+03 10.7+2.0 18.0+3.4

Although the results in Tables 1 and 2 sugdjested changes in the LS and OG stands, it should
be remembered that these are average conditions: individual plots showed distinct dynamics, and thes
are informative for understanding both restoration approaches and challEhigesan be seen quite
cearly in the trajectories of the st a#7iStand hr o
Density Index(SDI) (Figure 1) This variable space has been used successfully to develop a model of
stand growth, mortality, and ingrowth in the Acadianekt just across the Canadian border from our
study region[66]. The LS plots commonly show the expected trajectory for stands undergoing
selfthinning in the stem exclusion stage of Oliver and Larf#}, moving nearly parallel to the
maximum SDI as th stands increase in QMD and decline in trees/ha. However, no overriding pattern
can be seen in the OG plots, which appear almost random in the direction and magnitude of their
motion in Reineke space. In a sense, this is consistent both with the Olivdraeson[67] and
Franklinet al [68] stand development models, which both predict a transition away froftihselfng
toward other modes of mortality as stands reach advanced developmental Gtag@suld expect
that patchy, densitindependent mortality would create a random pattern, especially at the spatial
scale of conventional fixedrea plots such as those used in this study (0.05 ha). At a larger scale,
such |l ocalized déséage bantést migheafia a more s
especially if disturbances were asynchronous throughout a standtieedall gaps occurring in
different areas of the stand in different decades). Alternatively, if such gaps were tredhege
regional disturbance®(g, ice storms, major wind events), the result might be a punctuated, irregular
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trajectory. The spatial scale of the field methods in this study does not allow us to address these
alternative scenario$lowever, we also ote that the OG stands appear to have suffered particularly
heavy impacts from beech bark diseaseesult of sap feeding by an introduced beech scale insect
(Cryptococcus fagisugdhatfacilitates potentiallyfethal fungal infections bileonectria ditisimaand
Neonectria faginataBeech bark diseaseeached theG study area between 1935 and 1988].
However, a episode ohigh Fagusmortality associated with a combination of drought and beech bark
diseasenccurred in northern Maine (including tkiG study area) from 2002006[70], and live tree
volume of Fagushas declined 14% since 20(8l]. Largediameter trees often experience greater
decline and mortality fronbeech bark diseagé9], so the OG study area may have been especially
sensitive tahis stressor.

Figure 1. Trajectories of the latsuccessional (LS) and elgfowth (OG) stands in Reineke
space, with open symbols indicating position at the initial measuream@hsolid symbols

indicating position in 2011. A dashed line at constantdsi@ensity index of 1137, the
maximum observed on any LS or OG plot, is shown for reference.
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Alt hough Reineke space is usef u47]SDlomas oviginally al i ;
developed for eveaged monocultures with simple structumhile SWARD accounts for species
composition and diameter distributip48], and has been shown to improve models of dynamics in the
Acadian forest[66]. Examining the individual plot changes in SWARD, we also find substantial
variability. On the LS plots, @nge in SWARD on an annualized basis ranged r6r@10 to +0.015,
while on the OG plots changes ranged frotn021 to +0.010 (Figure 2). Although these annualized
changes may seem small, over a period of a decade or more these rates of change wauld lead t
changes in SWARD on the order of 0.1 to 0.2 in either direction, when SWARD itself averages
approximately 0.6 to 0.7. To better understand the patterns of change, we fit an initial regression
model predicting annualized change in SWARD based ons G, initial SWARD, initial SWARD
in Fagus (due to the potential impact of beech bark diseaae{l initial QMD as predictors, then
eliminated predictors sequentially to minimize AIC. The final predictive model was
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with R? = 0.36. (Although model selection was informatiheoretic, for those readers who would
prefer frequentist inference we note that the overall model, the intercept, and all coefimeids

have been statistically significant withO0.05 and none of the terms excluded from the final model
was statistically significant in any preliminary moglélhe positive intercept and negative coefficient

on total SWARD is expected, as inddaling these two terms in isolation implies a dynamic model of
stand structural development tending toward an asymptotic total SWARD of 0.0096/6.@126.
However, bootstrapping the original data indicates that the asymptote is very poorly constyained b
these data, with 95% confidence limits from 0.58 to 1CG¥6more interest is the coefficient dragus
SWARD, which highlights again the role of beech bark disease in driving structural change in
these forests.

Figure 2. Histogram of annual changes ipexiesweighted additive relative density
(SWARD; [48]) for the latesuccessional (LS) and elgfowth (OG) plots.
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o ° —
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Diameterdistributions at the individual plot scale, as well as their dynamics, were also highly
variable. Table 3 provides a cresdbulaton, by initial vs 2011 measurement, of the bé#ing
distribution (exponential, Weibull, or generalized gamma) for each plot. Once again, the LS plots
showed more stable patterighe most commomistribution on the LS plots was the Weibudind
these often had shape parameters greater than 1, indicating a unimodal distrikithi@mgh some
plots were best fit by different distributions at different time periods, for the majority (16 of 23) the
bestfitting distribution at the initial measement was also the betting distribution in 2011. By
contrast, the most common distribution for the OG plots at their original measurement was the
exponential; but by remeasurement a substantial number of these plots had shifted to the Weibull.
Examges of the most common patterns are shown in Figure 3.
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Table 3. Number of latesuccessional (LS) and e@towth (OG) plots, at initial
measurement and in 2011, that were best fit by the exponential (Exp), Weibull (Weib), and
generalized gamma (GG) distutions, with model fit evaluated by AIC.

LS 2011 oG 2011
Exp Weib GG Total Exp Weib GG Total
Exp 0 1 3 4 Exp 13 10 1 24
Initial Weib 1 11 1 13 | Initial Weib 1 1 2 4
GG 0 1 5 6 GG 3 3 1 7
Total 1 13 9 23 Total 17 14 4 35

Figure 3. Examples of diameter distribution change in a-fatecessional plot (46313)
and two oldgrowth plots (BRSH14 and BRSH35): Weibull remaining Weibull (46313),
exponential remaining exponential (BRSH14), and exponential shifting to Weibull with

shape paraater<1l (BRSH35).
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Pooling the results across plots allows evaluation of which diameter distribution form provides the
best compromise between fit and parsimony across $harld OG plots collectively.ooking at the
LSOG plots as a wholehe Weibull povides the best balance of flexibility and parsimony, with the
generalized gamma seconelN[C = 2 2 . 8) and the expAGh=AA.b)alh f a
comparison with the Weibull, thelCcetld)[60] Lookmgl el s
only at the LS plots, the beperforming model overall is the generalized gamma, followed by the
Weibull (aAIC = 11.6), with the exponential a distant l&s#\I C = 291.5). Although the generalized
gamma i s the Awinner 0o Soelots, its fledillityiismeéetied to aesanite the t y
behavior of LS plots as a whol8y contrast, examining only the OG plots, the hm=tforming
mo d e | i's the Weibull, fAKCl 4 254)eahd theygenerdlized gamrmpao n e
(e8AIC = 22.8171) Even for the OG plots, the additional flexibility of the Weibull is needed to capture
the observed structures.

Taking the Weibull as a base model, then, we can ask whether the LS and OG stands appear to b
converging toward an exponential as time passes) & the exponential is not the best fit at any given
time, by examining changes in the shape paranagiersee if it is moving closer to. The results are
shown graphically in Figure 4. Among the 23 LS stands, 21 had unimodal distributiors »vihat
the initial measurement, and of these 13 had diverged farther from 1 by 2011. Among the 35 OG
stands, the dynamics were more complicated. There were 25 stands »vikhat the outset, and of
these 5 did converge closer to 1, while 6 diverged andds$ed over ta < 1 (as with stand BRSH14
in Figure 2). Among the 10 OG stands that began withl, 9 diverged and 1 crossed. There is no
evidence supporting a simple convergence of stands toward an exponential distribution over time.
Indeed, if we use

—~ P .
Qé—&)ps

as a robust metric of the departure of the plots from the exponential coraditidnthe plots actually
divergedslightly overall d = 0.59 at the initial measurement, add= 0.66 in 2011).The same
gualitative result is reached if one substitutes squared difference for absolute difference in the formula
for d. In summary, therefore, while a considerable number of the OG plots did conform reasonably
well to the exponential model at the initraeasurement, even for the OG plots the flexibility of the
Weibull was needed to describe the range of diameter distributions, and neither the LS nor the OG
stands are converging toward an exponential distribution over time, at least not at the plot scale

3.2. Regional Analysis

The regional distribution of stand age, based on FIA data froni 20Q2, is shown in Figure 5. Of
3289 plots in the study region, only 17 (approximately 0.5%) are 150 years old or older; 299 plots
(approximately 9.1%) are 10f@ars old or older. However, just over 30% have a stand age between 75
and 99 years, and the median stand age is 68, suggestive of a demographic wave that is about to cre
into the LS and OG condition. The spatial distribution of plots by age class withstudy region is
shown in Figure 6.
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Figure 4. Change in the shape paramei@f the Weibull distribution for latsuccessional
(LS) and oldgrowth (OG) plots; the special case of the exponential distribudienl) is
shown as a dashed line for reface.
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Figure 5. Regional agelass distribution of stand age in the U.S. Forest Inventory and
Analysis (FIA) plot data.
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Figure 6. Spatial distribution of FIA plots by age class within the study region.
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Broadly speaking, the structural attributes of the 100 gadrolder plots in the FIA data, as shown
in Table 4 are comparable to those of the LS plots in this stékdy example, the mea@MD of the
older FIA plots is22.9 cm as compared t83.1 cm forthe LS stands in 2011he older FIA plots have
40.9largelive trees/havs 38.30n the LS plotsandaverageSWARD is 0.69vs 0.71.We note that it
is critical for comparability that these values are calculated using the same minimum didotéter
QMD and SWARD would have beefry sensitive to inclusion of trees <7.5 cnthe FIA data(FIA
measures trees down to 2.54 ci®yr example, mean QMD on the older FIA plots would have been
15.3 cm and mean SWARD would have been 0.79 with the inclusionesfliegween 2.54 and 7.5 cm.
Notably, the older FIA plots have over twice the density of large standing dead trees as the LS and OG
plots in this study on average, and even the younger FIA plots appear to have considerable large
standing dead stocks in coamson to these particular LS and OG plothe reasons for this
unexpected result are not entirely clear

A major factor driving changein regioral LS structure is harvestinfy2], which is tied to
ownership. Previous analyses of remotely sensed datatlier northeastern U.S. have indicated
publically-owned forests tend to have higher biomass, and to be less fragmented by development anc
harvesting, than privatelgwned forests on averagjé3]. However, nearly 90% of the study region is
privately held[8,73]. Of the 261 FIA plots with stand age 100 or gred84 areon private landys
only 27 on publidand Of the plots on private lan60ar e on | ands designated
indicating some legal or ownership prohibition against harvestihdge 11 of theplots on public land
are in areas protected from harvest (the fraction of plots in protected status is nimsitnidifferent
by owner ship; pi=9.8% Ord wivate, uapmtected lansls, 35 of 179 plots were
harvestedpn public unprotected landg, of 16. With so fewolder plots in unprotected public land,
it is not surprising that one cannot statistically distinguish a difference in harvesting rate between
ownershipsin older plots alond Fi s her 6 sp=dx5 but hatvestsxg rates on unprotected
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lands overall were not significantly different (16.2% of plots on private unprotecteddahd.2% on
public unprot ect edpd0&6) ththisdtudysegienr tiliere has begrcat substantsat |
shift toward partial harvestinfy1,72], and this is reflected in th@oportionof initial SWARD lost on
plots that did experience harvest (reduction of 0.165 from an initial average stocking of 0.625, or 26%).

When we examine rates of change in thesecsiral metrics,QMD was essentially static for the
region as a wholeshowing changithin sampling error for most subcategories, but clesitywing a
negativetrendfor harvested stands on private laot poth young plots and those 100 years and older,
but the trend is most pronounced on the older pldtisese changes arersistent witha pattern of
partial harvesting that emphasizé® removal of larger trees, despitegional markets for smaller
material[74]. The harvest of an older plot on priealand on averagereducedQMD from nearly
23 cm down to 2@m, which iscloser to structure of young stands on average than to unharvested old
standsHowever,there also appeadto be slight losses in QMD in private, unharvested for&¥ts.
speculate that these losses are associated with beech bark disease, as on the OG plots in the intens
study [69,71] There is less evidence for comparable changes on publically owned forests, but the
sample size is extremely limiting for quantitatiigerences Overall, however QMD is actually
declining in old forests in the region, while young forestsa whole showed little or no gain, contrary
to what would be expected from a naive look at the stand age distribution.

Rates of change for large éitrees suggest a rosier pictulensity change wasositive everywhere
except harvested standihe rate of loss in harvested standd dffseta considerable fraction of the
gains on unprotected lands, ke trend across the land base wsasll positive. A similar trend is
reflected in SWARD forests of the regignboth young and oldare slowly becoming more densely
stocked on average. Howeveatensitiesof large snags are simply too variable to say anything
with statistical confidencexcept for rempn as a whole, whichasexperiened a very slight decline.

We speculate that thiselates to the fall of snags created during regional sprucéoudworm
(Choristoneura fumiferan&Clem.)) outbreakthat came to a close approximately two decades before
the current study periad

Taken togetherthese patterns of harvestiagd structuraldynamicssuggest flaws in the simple
narrative of a middikaged forest easing gently and predictably into its golden years. Although
numbers of large live trees are incregsiother metrics of oldrowth structure are notvhen
considering the land base over&ld-growth metrics and rates of change are generally positive in the
protected portion of the land base, but elsewhere the pattern is ambiguous.
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Table 4. Key structural measures and their change (mean plus or minus one standard error) by ownership, protection status,.and harvest

1070

Initial refers to the 20022007 time period, while change is for a fiyear interval (nominally through 2008012). Number of lots used for
large standing dead (shown in parentheses) is lower due to protocol changes; only plots with valid initial and repestetemeasuused

in the analysis.

. . Initial QMD (cm) Large Live Trees/ha Large Standing Dead/ha SWARD
Ownership  Protection  Harvested n — — — —
Age Initial Change Initial Change Initial Change Initial Change
No <100 2127(1505) 18.5+0.1 0.20+0.06 16.5+ 0.5 3.1+0.2 22+02 1 0.£024 0.54+0.01 0.061+0.002
100+ 139(97) 21.6+04 1 0.+020 32.1+28 5.0+0.9 54+11 1 1.+#086 0.68+0.02 0.037+£0.005
Ves <100 406(285) 19.6+0.2 1 0.#023 20.4+13 T5+@9 2204 1 0.#029 063+001 71 0. $®®O
Unprotected 100+ 35(23) 22.7+08 1 2 .£7130 31.0+6.0 T 12+3% 52+20 1 0.+8®4 0.63£004 1 0. 20082
Private <100 2533(1790) 18.7+0.1 0.03+0.07 17.1+05 1.7£0.2 22+02 1 0.£042 0.56+0.01 0.025+0.003
All 100+  174(120) 21.9+04 1 0.£0RB7 31.9+25 16+1.1 5309 1 1.#0Z6 0.67+002 71 0. @a@®@1
All 2707(1910) 189+0.1 1 O .+DD6 18.0+0.5 1.7£0.2 24+02 1 0.£083 0.56+0.01 0.023+0.003
<100  174(103) 20.7+04 0.05+0.17 33.3t24 3.0+£0.8 77+13 1 1.#042 0.71+0.02 0.018+0.006
Protected No (All) 100+ 60 (41) 259+0.7 1 0.#036 63.7+£4.8 3.8+16 152+25 1 0.+3184 0.72+£0.02 0.029+0.009
All 234(144) 221404 1 0.+026 41.1+2.3 3.2+0.7 98+12 1 1.#038 0.71+0.01 0.021+0.005
<100 262(187) 19.1+04 0.29+0.21 20.8+1.9 3.4+0.6 27+06 0.49+0.38 0.58+0.02 0.054+0.005
No 100+ 14(9) 225+10 0.14+0.66 44.6+10.5 4.3+29 1.7+17 0.00£0.00 0.74+0.07 0.026+0.016
Ves <100 40(30) 20.2+08 1 0.#0DKG6  27.5+4.3 T9+32 3.0+11 256+144 0.62+0.03 71 0. t0O®7
Unprotected 100+ 2(2) 22.3+0.2 0.73+6.82 37.2+74 1 19+122 0.0+t00 0.00+0.00 0.68+0.08 1 0. %@1%0
Bublic <100  302(217) 19.3+04 0.18+0.20 217+ 1.7 1.7+0.7 27+05 0.78+0.39 0.58+0.02 0.033+0.006
All 100+ 16(11) 22.4+09 0.21+0.85 43.7£9.2 1.3+3.7 14+14 0.00£0.00 0.73+0.06 1 0. @@Q0562
All 318(228) 19.4+0.4 0.18+0.19 22.8+ 1.7 1.7+0.7 27+05 0.74+0.37 0.59+0.02 0.029+0.007
<100 19(12) 19.741.0 0.26+0.39 32.9+7.6 4.0+19 74450 1 1.+8%3 0.67+0.06 0.036+0.016
Protected No (All) 100+ 11(8) 23.2+14 0.64+0.82 54.1+10.8 7.7+4.6 149+89 0.22+255 0.71+0.06 0.016+0.022
All 30(20) 21.0+0.9 0.40+0.38 40.6+ 6.4 5.4+2.0 10.4+46 1 1 .+2B1 0.68+0.04 0.029+0.013
<100 3028(2122) 18.9+0.1 0.05+0.06 18.6+ 0.5 1.8+0.2 25402 1 0.£012 0.57+0.01 0.026+0.003
All All All 100+ 261(180) 22.9+0.3 1 0.#021 409123 2.3+0.9 78410 1 0.+063 0.69+001 71 0. @0QM@®8
All 3289(2302) 19.2+0.1 1 0 .+DWO6 20.4+05 1.9+0.2 29+02 1 0.£042 0.58+0.01 0.023+0.002




Forests2013 4 1071

3.3. Silvcultural Implications

Although much of the current interest in restoration ofgriowth attributes stems from experiences
in the Pacific Northwest in the 1980s (e[@5]), since the 1990s there has been increased attention in
the Northeast, accompanied by a growing body of supporting data and practical recommendations.

Keeton[l6jout | i ned a rationale and general approact
the restoration of olegrowth structural attributes within actively managed stands of the northeastern
u. S. , whi |l e Do A9 highlight spdcificdeattieahissises for managéys.Franklin

et al ([68], pp. 464 0 2) wr ot e, A Frost suscessful & their. efforsi akel basddeon a
comprehensiveinderstanding of the structures and developménmtadesses in natural forest stamds
Although several studies have examined -gldwth structures at the stand scale, and numerous
authors have commented on the rarity of old forests at the regional scale, there have been relatively
few opportunities to use remeasured plots to looleatelopmentaprocesses odynamics at either

scale, and to use those dynamics to address silvicultural and policy recommendations.

In terms of structure, the LS and OG plots in this study are broadly consistent with those in other
recent studies in forests of similar goosition the northeastern U.S. and adjacent areas of Canada that
report comparable metri¢26,30,63 65,76] and in terms of averages and ranges, the LS and OG plots
show consistency over time as well. These consistencies should provide some confidettegin
broad structural targets and criteria for restoration, akin to the index approf@ihedr example, an
average basal area ofi®5 nf/ha, with a QMD between 22 and 25 cm for trees over 7.5 cm DBH,
with a combination of at least 40 live and désabs/ha over 40 cm DBH (and perhaps at least 10 over
50 cm) and several large downed logs/ha, seems broadly consistent with this study and others in the
NortheastWe do not advocate such guidelines as management goals for all stands on all ownerships,
as restoration of olegrowth may be inconsistent with other legitimate management goals on both
public and private land. However, they can serve as benchmarks where restoration isTaegoal.
suggestedbasal area is high in comparison to conventional silitical guidelines in northern
hardwoodq77] and sprue-fir [78], as well as that in silvicultural trials for restoration via sirigée
selection in the Lake Stat€g9]. However,we note that the stocking levels calculated using SWARD
(which adjusts foiboth tree size and species composition) are consistent with a position between the
B-line and the Aline in the guides. However, we also note that there is considerable variability in
stocking levels within the OG plots, speaking to the horizontal heteeity associated with clgrowth
conditions [68]. Including gaps that can provide for regeneration of species less-tsiedeat
than Fagusseems critically important, especially given the apparent sensitivity ejroldth forest
dynamics in the@resence of beech bark disease.

Keeton[16] expressed concerns that a rotasegmoid diameter distribution, designed to allow for
greater retention of large live trees by reallocating growing space from smaller trees, might be
challenging if natural mortiy drove stands back toward a classic exponential distribution. Although
many of the O(lots in this study were aptly described by an exponential distribution at the initial
measurement, some were not; and there was no overall trend at the individusdgbe toward an
exponential distribution over timéndeed, the diversity of distributions represented by LS and OG
plots suggests that somewhat looser criteria can be applied, with careful marking taking precedence
over strict adherence to diametertdimition goals[77]. Unimodal distributions were observed in
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some OG plots and many of the LS plots, suggesting that it may not be necessary to maintain all age
and size classes of trees in an intimate mixture, which can be a potential ch@3nBecuse these

LS and OG stands contain a mixture of species characterized by different shade toleramoesthnd g
rate, there is a risk thatven in a stand with an exponential or nearly exponential diameter distribution,
the age distribution is similar toahwhich would be expected from a stratified, singdort mixture.

Rigid application of diameter regulation at a fine scale in such stands creates the danger of what
Smith([81]; p.287)descri bes as fAhigh grading by stages.
throughout the stand will also tend to push regeneration toward-shladent species, exacerbating

the hazardfrom beech bark disease on many siRather, viewing the draeter distribution as a broad

tool for regulating volume and stocking at a larger, aggregated[82a&3] and recognizing that at a
broader scale the diameter distribution is a mixture of the distributions at the scales of individual plots
or immediatesilvicultural neighborhoods, a rotateggmoid may have much to commend it as a target.
Indeed, following the early work by Ledk4] and Goff and Wes}55], interest in rotatedigmoid
structures has become even more widespi@édB8]. Such a distributio could probably be sustained

at the stand scale using group or patch selection as a regeneration method, followed by appropriat
intermediate treatments to maintain timber quality while accelerating the development of large trees
for both economic and elogical objectives (e.g.crown releasg89]), and we believe additional
research along the lines of that suggested by Kdé&jns likely to be fruitful.

3.4. Policy Implications

Recent regional trends describe an abundance ajroldth structure thais nearly static, despite
a nominal aging of regional forests and broad availability of general guidelines for structural
enhancemeniThe lack of positive change is especially apparent on unprotected private forests, which
represent the majority of forested lands in the regiw@arly 20% of the plots over 100 years old in the
regional analysis were harvested in some manner during \teey@iar period and harvests were
associated with reductions in both QMD and the density of large live trees, especially on private lands
We note that arvest levels oforests with LSOG attributes may vary across the redion example,
harvesting presse may be much greater in the forests of northern Mawtere significant areas are
in large private investment holdingand lower in southern Maine where nmodustrial landowners
dominate[71]. Most nonindustrial private forest (NIPF) owners are omlgmewhat motivated to
harvest their forests, including LSOG starf@l®8]. However, the typical age of NIPF owners (>55)
suggests that there will soon be a widespread turnover of land to inexperienced family members who
are more likely to harvest timber, teatially including stands with LSOG attributes, which represent a
ready source of casl®1]. Taken as a wholef this regionaltrend of systematically altering older
forests continues it isnlikely LSOG structures within thaiture forest landscapeill be much, ifany,
more abundant than current stoc®se policy alternative for increasing LSOG in the northeast would
seem to be acquisition of additional land by the public sector, and/or additional protection for lands
that are currently publically owdePublic lands protected from harvest represent only 0.9% of the
total forest area and are not evenly distributetthe regionHowever, in the current fiscal and political
climate such an alternative is probably neither desirable nor feaHileaintaning or increasg
LSOG acreage and/astructuredss an important goait may require newpolicy andbr marketbased
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mechanisms$o mitigate recent and historical trends, particularly on private lands. Podisees and/or
mechanismsvould need tancentivze retention oL SOG structure, facilitate the recruitment of future
structures, andllow for flexible management to create climagsilient forests

Attempting toobligatethe development of LSOG structures on private lands through regulatory
means could be especially problematkilvicultural objectives are difficult to prescribe in a policy
context and often have unintended consequences. For examples state of Maine where the
intensive plots were located, tMaine Forest Practices Aof 1989 set limitations on clearcut harvest
size and adjacency with the intent to Apromot «
of age classes necessary for a sustainalORe t i
However, one implication of a perceived hurdle to intensive eaged silviculture has been to
disperse the harvesting activity across a greater area in Maine. In 1988, Maine forest landowners
reported101,000 haharvested compared to an averagel®7,000 habetween 1990 and 20]23].
Mean total annual harvest volumes have remained relatively constant over the same timatperiod
13.6 million green MT[71]. The implications of such extensive harvest activitiebectedin our
analysisas more and more of the landscapémpacted by harvesting, particularly older stands that
would typicaly have higher merchantable volume. Though there are minor fluctuations in harvest
volume over time, and there is some variation in sawlog to pulpwatiek, total harvest remains
steady particularly as energy wood (biomass) harvests increased sincgd3D0%he increase in
har vest acreage since 1988 has | argely been a
shelterwood silviculturalystems that leave a dispersed low density caiiBjgyre7). In recent years,
there has been a more pronounced shift to harvestsiloledas shelterwood, which will likely result in
future losses of large tree structure as these systems are completeaversiory removal operation
to release established regeneration. The regulatory framework doespawity canopy retention
requirementsRetention of larger diameter trees to meet minimum basal area requirements could partly
mitigate the loss of largedes from harvested plots, as seefable 4 This history of harvest activity
as a response to public polidiustrates the challenge of using legal frameworks to achieve complex
ecological outcomes.

One regulatory arena in which maintenance or enhaeceaf LSOG structure could be supported
is the fAcurrent useo | egal framewor k, whi ch
maintain and manage forests. For example, in Maine, the landowner cldimargged forest open
space land must commissin a forest management and harvest plan and update and share it with the
assessor at least every 10 ydary. However , in a key difference
the parcel does not have to be used for commercial forest management wikbe flf this new
category. Thus, as long as some minimal level of tree cutting is called for under the forest managemen
and harvest plan and it in fact takes place, the property should quafifiyaasmged forest open space
lando For example, felled trees would not have to be sold or processed, and could lie fallen on the
parcel in order to create wildlife habitat, restore nutrients to the soil, or foster old growth communities
among the remaining standing trees. Certainly the fremvework appears to allow for a broader range
of silvicultural activities to meet nemarket objectives than previously, though it does not dictate any
particular activities that would necessarily lead to LSOG enhancement.
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Figure 7. Total forest area maested in Maine, 1982011, by type of harvest.

Voluntary market mechanisms such as forest certification may be more flexible than other tools to
achieve standaresased outcomes when it comes to ecological patterns and processes. Increasing
landowner prticipation in forest certification might require market demand signals from both
processors and ultimately from forest stakeholders and consumers for conservation of LSOG stands
and structure. Landowners in the analysis region participate in three émréification systems:
Sustainable Forestry Initiative (SFI), American Tree Farm System (ATFS), and Forest Stewardship
Council (FSC)95i 97]. Standards in each system define expectations of participating landowners with
respect to the wide range of fomgstecological, economic, and social aspects of forest management.
All three systems use a thighrty expert auditing procesgthin which participating landowners are
required to address discrepancies when failing to conform to the standard. Eachasightesaes the
maintenance and creation of LSOG structures differentlysiveéiedthe published standards of SFl,
ATFS, and FSC applicable to the US to determine to what extent LS and OG structures and forests
would be created and/or protected by partitigalandowners Table 5. We reviewed the standards
and asked the following questiongl) Does the certification system require retention of forest
structural attributes typical of LSOG forests (e.g., large live and dead standig)y (&BeDoes the
system require conservation of LS fof&&) Does the system addresd growth forest conservation?
and, Does the system require protection of existing OG forest? We then documented the language fron
each standard that addressed LS and OG forest sgucturservation, and protectiofaple 5.



