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Introduction

This paper responds to the desire of the Sieadla Ecosystem Project (SNEP) to
address current capabilities for projecting Sierran forest ecosystems into an uncertain future,
relying onavailable modeling techniques. Here we preseravanview of the forest gap model
ZELIG as implemented for Sierran forests, emphasizing specific concerns oftBiNg&Rting
these into the coeatt of ouroverall goals for the SierraéMada and elsvhere. Thisoverview is
divided into gveral parts: a short history and lineage of gap models;ftartseto date in the
Sierra Nevada as part of the Nationark Servicés (row NBS) Global Change Research
ProgramWe should emphasize that, as the NBS program is not scheduled for completion until
after 1996, this report describesdrk in progress We close with a final prospectus as to our
capabilities in the nederm future and dw our dforts can be reconciled with other modeling
approaches.

Background

Gap models (Shugart aidest 1980) simulate forest dynamics as the manifestation of
tree-by-tree demographic processes: establishmemittgm a competite milieu, and mortalt
Relatve to other tree-based models, gap models make the simplifying assumption that at a small
spatial scale thengironment can be considered rélaty homogeneous in the horizontal
dimension and that trees within this area mutually influence eaah Tkhes, a gap model
simulates a small model plot corresponding to the zone of influence ofgyadomainant tree (or
conversey, the gap one creates when it dies). The history and philosophy of gap models is
detailed by Shugart (1984) and Botkin (1993); Urban and Shugart (1882)raced the lineage
of severalvariant models and illustrate recent trends in these models.

Gap models share a logic that distinguishes them frony wiier forest simulators, in
that trees do not interact directly with each other; neither do trees reacxtosically
specified avironmental corext. Rathe, individual trees influence theingronment €.g.,
through leaf area), and the colisetinfluences of myy trees define theneironmental corext of
the model plot. This colleste ewironment then influences inddual treesé€.g., through
shading). Thus, gap models are unique in that the trees generatevthaiwironmental corext
during the course of the simulation.

Gap models also share a common logic in the implementation of the demographic
processes of establishmenipwth, and mortaly. Each of these is specified as a maximum
potential that could be aavied under optimal conditions; that is, optimal establishment rate,
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optimal annual diameter increment, or optimal leity. These potentials are then reduced to
reflect suboptimalmvironmental conditions on the plot (shading, drought, cold temperature, lack
of fertility). Thus, as thereironmental conditions of the plot change through time, the trees
respond dynamically to these changing conditions. Because the influence of each tree on its
environment depends on its species and size (the models use species-specific allometric
relationships to simulate leaf area, height, and biomassrigius tree components), and because
the response of each tree to mgiEonment may alswary with size (shading by taller trees,
allometric N demand) or by species (shade tolerance, drought tolerance, temperature response,
tissue chemistry and N demand), gap models are espe@aigyfpl in simulating nxed-age,
mixed-species stands.

Because of the logic of the implementation of tree demographics, gap maaekdo
been especially appealing as toolséqploring the consequences avel environmental
conditions, including climatigariability (Solomon 198&astor and Post 1988, Uniat al
1993, among others) and managemenvities (Abe et al 1979; Smit et al 1981; Hanseet
al. 1995). This capability texplore rovel environmental conditions, including unprecedented
management tacticstfards gap models an importantvattageover models tightly calibrated to
measured field conditions, such as stand yield models basegressions. Suclegression-
based models are by their structure restricted to an empirical domain dictated by the data used to
construct the model. Because the NBS research program is a global change program concerned
primarily with anticipating forest response tovel ewironmental conditions, the use of a gap
modelwas clearly recommended.

The original gap models (Botket al 1972, Shugart ari/est 1977) made\ariety of
assumptions to simplify model parameterization. These included simple schemes for estimating
allometric relationshipse(g., the height-diameter cug) and initial gowth rates. These early
models also simulated the physicavieonment in rather simpleays €.g., the soilwater
balance, soil fertility). More recentlthe models &e slown a tendecy to become much more
data-intensve and to incorporate increasingly sophisticated submodels of the physical
environment (eviewed in Urbaret al 1991, Urban and Shugart 1992).

Some of these trends are easily illustrated with the current Sievea&limplementation
of the gap model ZELIG (Urlmeet al., in pep.)

ZELIG version FACET 3.1: the Sierran Model

ZELIG is a second-generation gap model in the sense that it retains much of the
philosophy and logic of its parent modelsB OWA and FORET)ut it has been completely
rewritten with rew algorithms and parameterizations. ZELIG is especially configured for spatial
applications (Smith and Urban 1988, Urban and Smith 1989 nléttal 1991 Weishampeket al.

1992, Urban and Shugart 1992). This model, unlike other gap models, is implemented as a grid of
model plots; trees on adjacent grid cells may influence each other through shading. ZELIG also
sewes as the framvork for model-based comparisons amongiaety of forest ecosystems

under contrastingreironmental egimes (Lauenrotlet al 1993), and also for comparisons

between grasslands and forestsfi@and Urban 1993). The model is currently implemented or
under testing in the @gon Cascades (Urbat al 1993; Hanseet al., in pesg, the Olympics

(N. Zolbrod, U.Washington, thesiin prep.), the White Mountains of &v Hampshire (Schwarz

1993, Sclvarz et al 1994), the southern Appalachians in North Carolina (K. AllerkeDu

Universily, maste’s thessin prep.), and in the Sierra®ada (Urba et al., in pep Miller and

Urban in prep.).

The Sierran implementation of ZELIG has beevetbped under the NBS Sierra Mvada
Global Change Program. The major projects cbutirg to this research program are represented
in Figure 1, and our modelingfert has sered to help indgrate thesearious studies. Theverall
concern of this program is anthropogeninmental change; specific concerns are the role of
the water balance as this might be altered under climatic change, aedifiresras these might
respond to changing climate and also to changing fire management practices. These foci reflect
our consensus that soil moisture and fire are primary constraints on Sierran forest ecosystems.
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Figure 1. The relationships among studies within the Siezvadd Global Change Research
Program (redawvn from Stephenson arRhrsons 1993). B@s represent imddual studies and
arrows represent some of the major linkages.

Our approach to modeling Sierran forests has beeevédagh model components
(especially a soil moisture model and a fire model) that dfieisatly general and tmst that,
once a@veloped anderified for our primary study site (Sequoia NatioRatk), could be
implemented readily at other Sierran sites (especyalemite), or indeed, in anothegion.
This is in keeping with the general ZELIG philosophy: the same code is being used at all study
sites invarious egions of the United States.
Our straggy in model @velopment has been to incorporate as much local data and
expertise as possible, and to encode these as algorithms that are as general and site-independent as
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possible. The initiaversion of the model is then benchmarked and further tested to ensure it is
robust. Current #orts are gearedivard further refinements in response to our initial model tests.

Current Status

The ZELIG model itself is lgely free of internal site-specific parameters. Rathe
model is diven by tvo parameter files site file anda speciedile. The site file includes climate
and soils data. The Sierran model IBALCET variant of ZELIG, which means that the model is
designed to simulate a site (model grid)rat elevation or topographic position (slope, aspect).
The model corrects climate internally for topography using locally estimated lapse rates and
established models. Thus, ZELIG requires as input data, mean monthly minimum and maximum
temperature, precipitation, and the interanwaailability (standard eviation) in these. Lapse
rates are used to adjust temperatures and precipitatiorefatieh (Runnig et al. 1987, Day et
al. 1994), and temperature is used to fractionate precipitation ioso\&rsusrain. Temperatures
and precipitation are used in conjunction with latitude, slope, and aspecteattbelto predict
solar radiation (Bonan 1989, Nikm and Zeller 1992). Soils are defined in temagea-holding
capacity for each ofrg number of layers; watéholding capacity is itself estimated from the
depth andexture of each layer (Coglet al 1984).

The species drer file includes parameters that define potentiaitr rates,
environmental tolerances, and allometric relationships of each species. In contrast to early gap
models which estimated some of these parameters without data, ZELIG is rather dataintens
Sierran allometries are based on hundreds to tens of thousandwidumidrees. Gowth rates
are calibrated to local treeggvth measurements wheaeailable, or adjusted to stane#l data
as necessary for data-poor spediasameters are constrained to be consistent wittvikn
autecology (Minore 1979) and local data.

The SoiMater Balance Much of our &ort to date has focused on the swdlter balance
as a primary constraint on forests dirngctind indirectly through itsfiect on the fireegime. The
current model simulates theater balance as theffdirence invater demand (engy supply) and
water suppl. Water demand depends on radiation and temperature, using aRiiagtbr
estimate of potentiavapotranspiration (PE Bonan 1989). Demand thuaries with etvation
(via temperature lapse rates) and topographic positioniyestaidiation) Water supply depends
on water input (precipitation plus@mmelt) andwater storage (mostly a function of soil depth for
these sandy soils). The forest cgpifluences the water balance though interception and by
effecting the depth distoution of transpiration (which depends on fine root density per soil layer).
Thus, thewater balance is respaws to staticif situ) constraints such as topography and soil, as
well as to dynamic constraints that mightdapected to change under greenhouse scenarios,
especially temperature and precipitation. Imporjame rave taken special care to ensure that
this model can simulate water relations under a broad rangwiodrenental conditions, both
within the Sierra and at other study sites in other parts of the gountr

TheFire Rgime The ZELIG fire model represents ennadvance in fire modeling as it
integrates fire, climate and forest pattern. Although other gap moaadsricorporated fire, this
model is unique because it simulates a climatically seadite egime and a spatially
heterogeneous fuel bed. A schematic of the fire modebvgrsim Figure 2.

Climate is coupled to the firegime through ZELIGs soil water balance, from which a
proxy for fuel moisture is computed. Thus, fuel moisture is dynamic; it changes from yeat to yea
throughout the fire season, and reflects currentpyacmnditions. This approachgsides a
means fornvestigating the influence of climate on the fegime, and is a critical impvement
over other gap models where fuel moisture is treated as a constant paramete

Fuel loads are coupled to tremé| information, and therefore reflect current plot
conditions. Whereas other gap modetgehassumed a constant accumulation rate foveng
forest type Kercher and Aelrod 1984 Keane et al. 1990), our model accumulates fuels
according to treeelel allometries, with annual rates calibrated to data from a long-term fuel
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Figure 2. Schematic of the fire model in ZELY€rsion 3. Fuel loads relfect forest condition
because littdall is a function of treeelel allometries. Fuel moisture is computed from the soil
water balance, thus coupling fire with climate. Fire freguésinternally generated by the model,

with fire occurrence and fire intensity being functions of fuel moisture and fuel load.
Implementation of the model on a raster grid enables the generation of spatial heterogeneity within

the simulated stand.

study anWagtendonk, National Biological Serviagpib. datg. A portion of each trés
foliage and branchdsall each year as littaall. Also, when a tree dies, its biomass is added to the
fuel bed. Thus, the fuel loading on each plot reflects the size and species of trees on that plot, is
sensitve to temporal changes in forest structure and composition, and is not constrained by an
assumed accumulation rate for a particular “forest.type

Fuel loads and fuel moisture act together to define the intesessirity, size and

frequerty of fires. First, the year and month of a potentialdient are determined
probabilistically from user inputs. Fire intensity is then calculated (Rothermel 1972) for each plot,

according to both the fuel load and fuel moisture on that pdotthose plots (if @y) where the
computed fire intensitgxceeds an assumed threshold, fifeas (fuel reduction, own scorch,
tree mortality) are calculated according takn regression equations (Bwn et al 1985, Ryan
and Reinhardt 1988/anWagner 1973). In addition to these direct fifieets, an important
influence of fire in the model is its indiredfext on seedling establishment and species
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composition. Establishment success for some species is constrained by the depth of the forest
floor, or duf layer; this layer is substantially reduced when a fire occurs.

The spread of fire is nekplicitly simulated; fire does notavel from cell to cell in a
contagious fashion (this feature may be included in a fwenson, lowever). Bven so, the
spatial structure of the modelails fire to &fect only those plots that arburnable” {.e., those
plots that are both dry enough arayd suficient fuel loading). From this, fire size can be
estimated as the numberlmirnable plots. Note that at wet sites, potential fire starts may be
commonbut burnable plots, and therefore actual fires, will be rare. Inathys climatic factors
can influence fire frequen

Capabilities and Domain ofApplicability

The benchmarkedersion of the Sierran model does an adequate job of reproducing the
gross disttution of the major tree species with respectigrenmental gradients (Figure 3).
Thisversion is less safisctory in reproducing successional trends in spebigsdance; we are
currentlyworking to impove this aspect of the mod&le have not yet attempted to apply the
model to subalpine forests or sites near treeline, as we are not confident that our model can
simulate thextreme physicalagimes of these sites. The model also does not appiyto |
elevation svannah and chaparral, nor to grass- or shrub-dominatgedation. While these latter
cases are perhaps within the realm of possibility for gap models (Burton and Urban 1889, Co
and Urban 1993), we feel these aegdnd the scope of our Sierran project.

Within the scope of ourfarts, both the water balance and fire model seem remarkably
robust. The soil moisture model kaefes wellover an edvation gradient spanning 4000 m relief
(Figure 4); the model also responds appropriatelsat@tions in soil properties and topographic
exposure We are currentlyvorking to impove the manner in which the model distinguishes
topsoil from deep-soilvater relations, a concern borne of our interest in the role of topsoll
moisture in gverning seedling dynamics.

The fire model successfully reproduces empirical relationships among fire ftgduen
magnitude, and fireegerity as these areogerned by fuel loads and fuel moistuegy(, Figure 5).
The model also reproduce®edtional trends in the fireegime as inferred from fire-scar data.
One of the modé& greatest potentials is its ability to generate a dynamic and detailed “map” of
fuels that can be used to interface with a landscape fire spread model BABSHEE (Finrey
1994). In contrast to models suchRARSITE, which rely on homogeneouaverage” fuelbed
conditions assigned by foresiver type, our fire model canguide information on the spatial
heterogeneity of fuels as generated by gap dynamics. Cyrithetimodel only treats dead and
down fuels, and so is best suited for simulatiog intensity suface fire egimes.We plan to add
live fuels to augment the motehbility to simulate other types of firegimes.

Our preliminary testing of the model in Sequoia Natidtaak, as well as initial tests in
other study sites suggests that there are no algorithmic limits to implementing this model
throughout the Sierraddada and into the Cascade Rarigw.example, we feel the fire model
should be applicable to other forest ecosystems, and we el the model nortard from
the Sierra along this latitudinal gradient. Between the SierraRaific Northwesterwersions
of ZELIG, we currently bve preliminary species parameters for all common western conifer tree
species. The physical submodels (radiateater balance) are Siciently general to span this
area as well. Some aspects of the model still require site-specific data for implementation;
necessary data include soil depth aextiure (whichvary at all spatial scales) as well as species
silvics and gowth rates (which difer regionally in response to genetiariation).We suspect that
species data could be collated through a concefted, especially focusing oRorest Service
data used to calibrate locariants of the FVS model (WESSIN). Data on soils are typically not
available at advel of resolution appropriate to our modelirifpets, but some simple assignments
might be made from coarse-resolution soils maps such aFT&SS0O database. Fingllour
modeling &fort would require standelel data for locaverification of the simulate-a data
requirement not restricted to gap modrisrequired for ay model that is to be used for
predicive applications.
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Figure 3. Distriibutions of common trees species, based on 599 sample quadrats (top panels) and as
simulated with the Sierrarersion of ZELIG (bottom panels; as 300 100-plot grids).
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Figure 4. Components of theater balance in Sequoia Natioffalrk (39.6N, 115.6W, as
simulated with the soil moisture model in ZELV@rsion 3.

Prospectus

The ZELIG family of models was designed to be general while retainingexiiality for
application-specifiextensions. An especially pertinestample of this has been the modification
of the PNWversion of ZELIG for applications concerned with timber management (Gataa
1992; Hanse et al 1993, 1995). Thisxtension nvolved incorporating empirical equations to
estimate timbevolume (ZELIG already includes local taper equations, somassrather
straightforward), and more substangiaidding a user intkace that atbws extremely
sophisticated timber management tactics viaemarit schedul€’ This interface (Garnmaet al
1992) was specifically designedaxamine alternavte silvicultural practices such as green-tree
retention and highly selage cuts specified asacombination of diameter limits and species
selection. Because ZELIG simulatesiindual trees on a grid of model plots, this approach is
especially appropriate f@xploring single-tree or small-group selection smas. The model is
configured to respond to the reval of single trees on awgn plot or groups of trees from
multiple grid cells (adjacent or otherwise). The PN#&Ysion of the model has also besztended
to make predictions about wildlife habitailability, by incorporating statistical (discriminant
function) models that assign each grid cell as “habitat” or “not habitat” for a suite of forest birds;
this model has been usedsi@mine trade-fis between alterniaie silvicultural options (retention
level and rotation length) and wildlife habitaversity (Hanse et al 1995).

The ZELIG model also gainsefibility from its modular structure. Thus, if a specific
application agues for an alterniaee model formulation, thisew function can simply be
substituted into the codBor example, the modelaw uses allometric relationships that do not
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fire scar data fromye giant dequoia gves; aredurned is the percent of sample trees within a site
that recorded the same fire (Swetnam 1993). Filled circles arevaleias from simulations usiong
site descriptions from the fire scar study; dnaeaed is the percent of model plots that had fire
intensities greater than 90 kWrFire magnitude tends to be underestimated by fire scars and
overestimated by the logic used in the model (which does not simulate contfigais) eand so

the discrepaty between model output and data isgsected.

vary across sites. In particulérees do not gwv taller on more mesic sites (or in thinner stands)
as data typically ghw. Yet it would be a simple change to the code to substitute a function that
included soil moisture as an additionegament to influence tree height (see Harrison and
Shugart 1991 for aexample of site-dependent allometries in a gap model). Agaracale,
Garman et al. (1995) lave calculated allometries for western tree species, with the allometries
adjusted for dferent egions of each species ranga(, Coast Rangeersushe Cascades); these
allometries are ow used in the PNWersion of ZELIG (Hangeet al. 1995).

The flexibility of the ZELIG model greatlyacilitates ay efforts to reconcile the gap
model with other modeling approachBsr example, the gap model could be parameterized (and
perhaps incorporate alternag functions) to make it empirically consistent with FVS models,
simply by using the same data to estimate parameters for each modaloEpptoachewould
remain conceptually tferent,but at least in this case discrepancies in output fromwtbentodels
could be atthuted to these more fundamentdfeliences instead of to data problems.

Conclusion

With respect to the mission of SREbne inescapable conclusion eges: there is no
model currenthavailable that meets the needs of SWNEecause it was designed to addressyma
of the same issues as SNEP faces, the Sieeraion of ZELIG clearly would meet mpaof these
needs. Morever, otherextensions to the model concerned with forest management could be
extended to Sierran systems, increasing the nwdélity even furthe. But the model is still
under testing and would be premature to attempt to apply it in predecapplications under
conditions outside its current domain.



Modeling Sierran Forests

Literatu re Cited

Aber, J.D., D.B. Botkin, and J.M. Melillo. 1979. Predicting tlifeets of dffering hawest egimes on productity
and yield in northern hawbods. Can. For. Res. 9:10-14.

Bonan, G.B. 1989. A computer model of the solar radiation, soil moisture, and soil tregimakrin boreal forests.
Ecol. Model. 45:275-306.

Botkin, D.B. 1993Forest dynamics: an ecological model. Oxfordugnsity Press, Oxford.

Botkin, D.B., JE. Janak, and J.RVallis. 1972. Some ecological consequences of a computer model of foretst. gr
J. Ecology 60:849-873.

Brown, J.K., M.A. Marsden, K.C. Ryan, and E.D. Reinhardt. 1985. Predictii@ud woody fuel consumed by pre-
scribed fire in the northern RacMountains. UBA Forest Service ResearBaper INT-337.

Daly, C., RP. Neilson, and D.L. Phillips. 1994. A digital topographic model for diigtimg precipitatiorover moun-
tainous terrain. J. Appl. Mete33:140-158.

Burton,P.J., and D.L. Urban. 1989. Enhanced simulation of early secondary forest succession by incorporation of
multiple lifeform interaction and dispersal. Studies in Plant Ecology 18:47-49.

Cdffin, D.P, and D.L. Urban. 1993. Implications of natural-history traits to ecosystem dynamics: comparison of a
grassland and forest. Ecol. Model. 67:147-178.

Cosly, B.J., G.M. Hornbmyer, R.B. Clapp, and.R. Ginn. 1984. A statistical analysis of the relationships of soll
moisture characteristics to the physical properties of &ds$. Resou Res. 20:682-690.

Finney, M.A. 1994. Modeling the spread and bebr of prescribed natural fireBages 138-143 in Proceedings of
the 12th Conference on Fire alarest Meteorolog Jekyll Island, Geaogia.

Garman, S.L., A.J. Hansen, D.L. Urban, &t Lee. 1992. Alternate silvicultural practices andwersity of animal
habitat in western @gon: a computer simulation approaPages 777-781 iR Luker (ed.), Proceedings of
the 1992 Summer Simulation Conference. Soc. for Computer Simulation, ReadaN

Garman, S.L., S.A. Aer, J.L. Ohmann, an@.A. Spies. 1995. Asymptotic height- diameter equations for twenty-
four tree species in westernegon. ResPaper 10Forest Research LaboragpOregon State Uiversity,
Cowvallis, OR.

Hansen, A.J., S.L. Garman, B. Marks, and D.L. Urban. 1993. An approach for mavextghgate tversity across
multiple-use landscapes. Ecol. Applic. 3:481-496.

Hansen, A.J., S.L. GarmaniFJWeigand, D.L. UrbanyW.C. McComb, and M.G. Raphael. 1995. Ecological and eco-
nomic dfects of alternave silvicultural egimes in thePacific Northwest: a simulatioexperiment. Ecol.
Applic. 5:535-554.

Harrison, E.A. and H.H. Shugart. 199V altiating performance of an Appalachian oak forest dynamics mdael.
etatio 86:1-13.

Keane, R.E., & Arno, and J.K. Bown. 1990. Simulating cumuiae fire dfects in ponderosa pine/Douglas-fir for-
ests. Ecology 71:189-203.

Kerche, J.R., and M.C. Relrod. 1984. A process model of fire ecology and successiorx@dradnifer forest. Ecol-
ogy 65:1725-1742.

LauenrothW.K., D.L. Urban, DR. Cdfin, W.J.Parton, H.H. Shugarf.B. Kirchne, andT.M. Smith. 1993. Model-
ing vegetation structure-ecosystem process interactions across sites and biomes. Ecol. Model. 67:49-80.

Miller, C., and D.L. Urban. A model of the interactions among climate, fire and forest pattern in the &idea N
(in prep)

Minore, D. 1979. Compariat autecological characteristics of northwestern tree species --a liteestene GTR
PNW-87. PNWForest and Range Experiment Station, Portlandg@n.



Modeling Sierran Forests

Nikolov, N.T., and KF. Zeller. 1992. A solar radiation algorithm for ecosystem dynamic models. Ecol. Model.
61:149-168.

Pasta, J., and/V.M. Post. 1988. Response of northern forests tg-@AQuced climate change. Nature 334:55-58.

Rothermel, R.C. 1972 A mathematical model for predicting fire spread in wildland fu®# E8est Service
Researcliraper INI-115, 40 p.

Running, SV., R.R. Nemani, and R.D. Hungerford. 1987. Extrapolation of synoptic meteorological data in moun-
tainous terrain and its use for simulating foesipotranspiration and photosynthesis. CaRoi.Res.
17:472-483.

Ryan, K.C., and E.D. Reinhardt. 1988. Predicting postfire mortalitgvehavestern conifers. Canadian Journal of
Forest Research 18:1291-1297.

SchwarzP. 1993. A suite of softare tools for managing artge parallel programming projedtech. Rep. 129, Cor-
nell Theory Cente Ithaca, N.

SchwarzPA., D.L. Urban, and D.AWeinstein. 1994Partitioning the importance of abiotic constraints and biotic
processes in generatimggetation pattern on landscapes. 9th Annual U.S. Landscape Ecology symposium,
Tucson.

Shugart, H.H., and D.GVest. 1977. Bvelopment of an Appalachian deciduous forest succession model and its
application to assessment of the impact of the chestnut blightvidole Manage. 5:161-170.
Shugart, H.H., and D.@Vest. 1980Forest succession models. BioScience 30:308-313.

Smith, T.M., H.H. Shugart, and D.@Vest. 1981. The use of forest simulation models tgiate timber haest and
nongame bird habitat management. Proc. NorthrAviidl. and Nat. Resource Conf. 46:501-510.

Smith, T.M., and D.L. Urban. 1988. Scale and resolution of forest structural pategetatio 74:143-150.

Solomon, A.M. 1986Transient response of forests to &Si@duced climate change: simulatiexperiments in east-
ern North America. Oecologia 68:567-579.

Stephenson,N.L., and DBarsons. 1993. A research program for predicting ffeets of climatic change on the
Sierra Nevada.Pages 93-109 in S.DVeirs, 3., T.J. Stohlgren and C. Schawald-Cox (eds.), Proceedings of
theFourth Conference on research in Califormiaational parkslransactions and Proceedings Series 9.
U.S. Department of the InteridNationalPark Service.

SwetnamT.W. 1993. Fire history and climate change in giant sequoiaegr Science 262:885-889.

Urban, D.L., and.M. Smith. 1989. Microhabitat pattern and the structure of forest bird communities. American Nat-
uralist 133:811-829.

Urban, D.L., G.B. Bonarl.M. Smith, and H.H. Shugart. 1991. Spatial applications of gap méael&col. and
Manage. 42:95-110.

Urban, D.L., M.E. Harmon, and C.B. Halpern. 1993. Potential respori®seifit Northwestern forests to climatic
change: Hects of stand age and initial composition. Climatic Change 23:247-266.

Urban, D.L., and H.H. Shugart. 1992. indual-based models of forest successkRages 249-292 in D.C. Glenn-
Lewin, R.K. Peet, and.T. Veblen (eds.), Plant succession: theory and prediction. Chapman and Hall, Lon-
don.

Urban, D.L., C. Mille, N. Stephenson, and D. GrabEhe physical template and biotic mechanisms of gradient
response in forests of the Sierravilda. (n prep)

VanWagne, C.E. 1973. Height of own scorch in forest fires. Canadian Journdfarest Research. 3:373-378.

Weishampel, F., D.L. Urban, H.H. Shugart, and J.B. Smith,1992. Senvariograms from a forest transect gap
model compared with remotely sensed datsled. Science 3:521-526.

Back to CD-ROM Table of Conter




	Back to CD-ROM Table of Contents: 


