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•	 Canopy density and species 
composition are primary 
drivers of ecological function 
and processes. Spatial 
pattern acts as a secondary 
driver.  Reducing density, 
increasing mean tree size, 
and favoring early seral 
species in restoration 
treatments will increase 
resistance to high severity 
fire, insect, and drought.

•	 Treatments that result in 
uniform and variable stand 
spatial patterns confer 
similar resistance to fire, 
insects, and drought. 

•	 Variable spatial patterns are 

generally more beneficial than 
uniform patterns for wildlife 
and understory vegetation 
abundance and diversity. 

•	 Openings can retain snow 
longer and can limit spread of 
pathogens and parasites.

•	 More variable spatial 
patterns lead to more 
variable disturbance effects, 
which reinforce these 
patterns over time.

•	 Variable overstory spatial 
patterns also drive 
greater variability in tree 
regeneration and growth, 
reinforcing multi-aged stand 
structure over time.

Research Highlights

Figure 1. Frequent fire forests in the western United 
States are often dominated by dry pine species like 
ponderosa pine (Pinus ponderosa), Jeffery pine (Pinus 
jeffreyi), and sugar pine (Pinus lambertiana). Other 
fire-resistant species, such as Douglas-fir (Pseudotsuga 
menziesii) or western larch (Larix occidentalis), are also 
common. Mean fire return intervals in these forests 
historically averaged less than 35 years and fires were 
generally were low severity with some moderate severity 
events. Note that these species can occur in moist, 
historically mixed-severity forest types as a minor 
component. Data adapted from: Wilson et al. 2013.

 

 

 

 
The spatial arrangement of 

trees within a stand is an important 
component of forest structure 
and function in forests dominated 
by dry pine species where the 
occurrence of low to moderate 
severity wildfire was historically 
frequent (Fig. 1). Spatial pattern 
(Box 1) both influences and is 
influenced by forest processes 
such as fire behavior, insect 
mortality, pathogen spread, stand 
development (e.g., regeneration 
and crown development), and 
forest hydrology. A clearer 
understanding of the role that 
pattern plays in maintaining 
processes and functions of 
dynamic forest ecosystems can 
further improve forest restoration 
outcomes and effectiveness. 

Reference conditions have been 
reconstructed at numerous sites 
with active fire regimes across the 
western United States, and these 

reference conditions are often used 
to guide restoration treatments. 
However, greater understanding of 
the relationships between pattern, 
process, and function is needed 
to help managers make more 
informed decisions regarding tree 
spatial arrangement in restoration 
treatments. 

In recent years, a large number 
of studies have investigated 
how spatial patterns of trees 
affect ecological processes and 
functions in dry forests. In this 
brief, we summarize our findings 
of a literature review evaluating 
these studies. Management that 
incorporates spatial variability and 
seeks to realign forest patterns with 
underlying biophysical conditions 
may increase stand resilience, 
ecosystem function, and the 
capacity of treated stands to adapt 
to future disturbances, drought, 
and climate change. 

In this brief, we refer to spatial pattern as 
the spatial arrangement of the types, species, 
numbers and sizes of individual structural 
elements within a stand or patch (e.g., trees, 
logs, snags), as well as the amount and 
configuration of open areas unoccupied by 
trees. Tree spatial pattern is inherently linked 
to density (e.g., number and size of trees; 
trees acre-1 or basal area in ft2 acre-1), and the 
horizontal and vertical arrangement of trees, 
which is constrained by density.  

Pattern can vary across productivity 
gradients in a given forest type.  Pattern at 
larger spatial scales (e.g. watersheds) is also an 
important driver of ecosystem processes and 
functions, but is beyond the scope of this brief.   

Spatial variability in dry forest 
stands increases ecological 
resilience, function, and process T R E E  S PAT I A L  PAT T E R N  D E F I N I T I O N

A  C L E A R E R  U N D E R S TA N D I N G  O F  R O L E  T H AT  PAT T E R N  
P L AYS  I N  M A I N TA I N I N G  P R O C E S S E S  A N D  F U N C T I O N S  

O F  DY N A M I C  F O R E S T  E CO SYS T E M S  C A N  F U RT H E R  I M P R OV E 
F O R E S T  R E S TO R AT I O N  O U TCO M E S  A N D  E F F E C T I V E N E S S . 

{ Box 1 }
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Figure 2. Dry forest spatial patterns consist of multiple 
elements including widely spaced individual trees, 
overstory tree clumps that can range in size from 2-4 
trees to 15 or more trees, denser patches of mid- or 
overstory trees from 0.25 to 1 acre in size, regeneration 
patches of seedlings and saplings, and linear or sinuous 
openings from 0.25 to 2 acres in size. Other patch types, 
such as rock outcrops, riparian areas, and aspen stands 
provide important habitat variety. 

Dry forests with active, 
frequent fire regimes are 
composed of an uneven-aged, 
shifting mosaic of irregularly 
spaced individual trees, tree 
clumps, and openings (Fig. 2).  
All sizes of trees are present, 
though large (e.g., >21” DBH), 
and old, fire-resistant species 
(e.g., ponderosa pine, Jeffery 
pine, sugar pine, western larch) 
dominate the low to moderate 
density canopy. 

Early seral trees regenerate 
in small openings (0.25 to 2 
acres), forming dense clumps 
that are thinned out over time 
by frequent fire, insects, and 
competitive mortality.  Thinning 
of these clumps slows as trees 
mature and reach older age 
classes. Bark beetles, pathogens, 
and torching events during 
wildfires cause partial or 
complete mortality of clumps of 
trees, creating new openings for 

regeneration.  Isolated individual 
trees originate over time as 
a result of these disturbance 
processes or occasionally from 
isolated regeneration events.

Within stands, disturbances 
cause some elements of spatial 
pattern to shift over time and 
space, while other elements, 
such as openings, may persist 
more permanently as a function 
of edaphic (e.g., soil) conditions 
or below-ground interactions.

A clear envelope of stand 
density and spatial pattern 
emerges from dry forest 
reference sites (Fig. 3, Fig. 4). 
Widely spaced individual trees, 
clumps, regeneration patches, 
and openings often occur in a 
range of proportions, sizes, and 
spatial configurations (Fig. 
3). As tree density increases, 
the range of pattern increases 
and clumping becomes more 
common (Fig. 4).

Elements of Spatial Pattern

Overstory 
Tree 

Clumps

Regener-
ation 

Patches

Opening Widely Spaced 
Individual Trees

Figure 3. Examples of different spatial configurations of overstory trees found in dry forest reconstruction sites. Spatial configurations 
can vary between (A) low density with low clumping (TPA >6” DBH: 15-30 TPA), (B) moderate density (30-50 TPA) with moderate 
clumping, to (C) higher density (50-80 TPA) with high clumping (Churchill et al. 2017).

A B C

© Lomakatsi Restoration Project



4  |  Ecological Functions of Spatial Pattern in Dry Forests: Implications for Forest Restoration

PROCESSES & FUNCTIONS ATTRIBUTE MANAGEMENT IMPLICATIONS REFERENCES

FIRE BEHAVIOR Density •  Canopy density and connectivity, as well as surface and 
ladder fuel loading, are the primary drivers of crown fire 
potential.

•  Spacing of 20+ ft (6+ m) between crowns greatly reduces the 
probability of crown fire spread.

Rothermel 1991, 
Alexander & Cruz 
2011, Safford et al. 
2012 Contreras et 
al. 2012, 2013

Spatial 
Arrangement

•  Variable tree patterns result in patchy surface fuel loadings, 
in turn creating more variable fire behavior and burn 
patterns. Similar reductions in crown fire potential occur 
within variable density and uniform treatments. 

•  Localized torching may occur within clumps that have 
ladder fuels. 

•  Openings can act as mini fire breaks to stop crown fire, but 
also act to increase surface fire intensity due to higher wind 
speeds and increased understory fuels levels. 

Miller and Urban 
2000, Knapp et al. 
2006, Symons et 
al. 2008, Bigelow & 
North 2012, Linn et 
al. 2013, Kennedy 
& Johnson 2014, 
Lydersen et al. 
2015, Ziegler et al. 
2017, Parsons et 
al. 2017

DROUGHT RESISTANCE Density •  Significant reductions in overstory tree density (> 20% BA) 
can increase site water availability over the short-term.

•  Thinning increases water usage by residual trees.

Skov et al. 2004, 
Troendle et a. 2010 

Spatial 
Arrangement

•  Root and fungal networks among clumps of trees can 
increase collective nutrient and water uptake.

Warren et al. 2008, 
Teste & Simard 
2008, Bingham & 
Simard 2011

INSECTS & PATHOGENS Density •  Lower basal area and stem densities increase tree vigor, 
increase resilience to bark beetle attacks, and reduce 
susceptibility to pathogen spread.

•  Trees in thinned treatments have greater foliar nitrogen 
content, needle toughness, and basal area increment, likely 
due to increased moisture availability.

Larsson et al. 1983, 
Schmid and Mata 
1992, Negron and 
Pop 2004, Fettig et 
al. 2007, Wallin et 
al. 2008, Negron et 
al. 2017

Spatial 
Arrangement

•  Root diseases spread through contact with infected roots, 
and may remain isolated and have limited spread where 
spatial patterns contain clumps and openings.

•  Mistletoe seed dispersal ranges from 3-52 ft (1-16m), with 
most seeds intercepted by nearby (6-12 ft) trees. Spread may 
be limited where openings are present.

•  Variable and uniform treatments have similar resistance 
to insect-related mortality, and both treatment types have 
lower mortality rates than untreated stands.

Williams et al. 
1986, Ferguson et 
al. 2003, Geils et 
al. 2002, Conklin & 
Geils 2008, Fettig 
& McKelvey 2014

SNOW RETENTION Spatial 
Arrangement

•  Compared to uniform treatments, variable density 
treatments increase duration of snow cover as well as snow 
water equivalent. Canopy openings shaded by surrounding 
trees retain snow longer in the melt season. 

•  The area directly under clumps has reduced snow 
accumulation because radiation from tree boles melts snow 
and canopy cover intercepts snowfall. 

Kittredge 1953, 
Lundquist et al. 
2013, Schneider 
et al. 2015, Picard 
2015, Stevens 2017

Spatial Pattern Processes & Functions

continues >

Spatial variability in dry forest stands is an important component of forest structure that governs different ecological 
processes and functions from the micro- to meso-scale (e.g., 0.1 to 10+ acres). Table 1 lists seven key ecological parameters 
affected by the spatial patterning of trees in dry forests, and the associated implications that restoring the density and/or 
spatial arrangement might have on those processes and functions.

Table 1. Modifying spatial pattern and tree density through restoration treatments can influence dry forest processes and functions.
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PROCESSES & FUNCTIONS ATTRIBUTE MANAGEMENT IMPLICATIONS REFERENCES

TREE REGENERATION  
& GROWTH

Spatial 
Arrangement

•  Variable overstory spatial patterns result in more variable regeneration 
patterns and growth. 

•  Regeneration generally establishes in groups or patches after 
disturbances. Soil disturbance, moisture, and competition from 
understory vegetation appear to the main factors driving regeneration. 

•  Shade-tolerant species regenerate better in thinned areas or clumps 
while shade-intolerant species regenerate best in small to large 
openings.

White 1985, Bailey 
& Covington 2002, 
York et al. 2004, 
Boyden et al. 2005, 
Sanchez Meador et 
al. 2009, Bigelow et 
al. 2011, Lydersen & 
North 2012

WILDLIFE HABITAT Spatial 
Arrangement

•  Ungulates prefer treated areas (e.g., thinned, burned) with abundant 
graminoid or shrub forage.

•  Small dense patches create visual barriers and hiding cover from 
humans along roads. 

•  Habitat heterogeneity is extremely important for small mammals. 
Herbaceous plants provide foraging habitat and small (0.5-1 acre) 
dense patches of undergrowth and coarse woody debris provide refuge.

•  Different bird species have specific structural needs for nesting and 
roosting habitat. Spatial variability also creates diverse habitat for prey 
when foraging.

•  Northern Spotted owl (NSO) and Northern Goshawk (NG) nest and 
roost in moderate to large clumps and forage in open (NG) to closed 
canopy stands (NSO) and in small (NSO) to large (NG) openings.

•  White-headed woodpeckers prefer isolated or small clumps of large, 
old trees or snags for nesting and dense clumps of small diameter trees 
for foraging.

Daw and 
DeStefano 2001, 
Buchanan et al. 
2003, Dodd et al. 
2006, Lehmkuhl 
et al. 2006a, b, 
Roberts et al. 2008, 
Long et al. 2009, 
Hollenbeck et al. 
2011, Endress et 
al. 2012, Latif et al. 
2015, Comfort et 
al. 2016, Lehman 
et al. 2016 

UNDERSTORY 
DIVERSITY

Spatial 
Arrangement

•  Variable overstory patterns, such as canopy openings,  
increase fine scale heterogeneity in light, water, and nutrients which 
subsequently affect the diversity and abundance of understory species.

•  Openings >27 ft (9 m) from the nearest overstory tree can result in 
increases in native understory plant cover and species richness.

Moore et al. 2006, 
Laughlin et al. 
2006, Dodson et 
al. 2008, Rocca et 
al. 2009, Abella 
& Springer 2015, 
Shanahan Matonis 
& Binkley 2018

Treatments designed to restore 
a range of processes and functions 
in dry forests are most likely to 
succeed when they 1) reduce 
stand density, 2) retain large trees 
and drought- and fire-tolerant 
species, and 3) create variable tree 
patterns. Reducing stand density 
and managing for drought- and 
fire-tolerant species composition 
promote resistance and resilience 
to crown fires, insects, and drought. 
Restoring spatial heterogeneity has 
the added potential to create higher 
quality wildlife habitat, increase 
understory plant diversity and 
abundance, inhibit parasite and 
pathogen spread, and increase snow 
retention. Importantly, variable 
tree patterns and the ecosystem 
functions they promote do not 
appear to sacrifice resistance to 

crown fire, insects, or drought, 
and may increase some aspects of 
resilience. 

Managers can use the natural 
range of variability found in 
reference sites (Fig. 4) to develop 
desired conditions and treatments 
that are aligned with the current 
and future biophysical environment 
and meet multiple management 
objectives (Fig. 5).  For example, 
managers may choose treatment 
prescriptions aimed at creating 
low, moderate, or high density and 
clumping pattern (Fig. 3) for a 
stand based on desired short and 
long-term functional objectives 
(Table 1). How patterns within 
individual stands scale across a 
project area to create landscape 
level conditions will have a major 
effect on functional outcomes.  

Management Implications

Figure 4. Dry forest historical spatial pattern reference 
plots (green dots) display a clear envelope (black 
outline) of pattern with a general increase in clumping 
as tree density increases. This envelope gives managers 
treatment options to maintain their desired functions 
in a dry forest stands. Note: Figure includes a subset 
of reference plots primarily from Pacific Northwest dry 
forests. © Derek Churchill

Table 1 (continued). Modifying spatial pattern and tree density through restoration treatments can influence dry forest processes and functions.

http://onlinelibrary.wiley.com/doi/10.2307/1940407/full
http://www.sciencedirect.com/science/article/pii/S0378112701005643
http://www.sciencedirect.com/science/article/pii/S0378112701005643
http://www.nrcresearchpress.com/doi/abs/10.1139/x03-222#.WfpOXVtSxaQ
http://www.sciencedirect.com/science/article/pii/S0378112705005153
http://onlinelibrary.wiley.com/doi/10.1046/j.1365-2893.1999.00142.x-i1/full
http://onlinelibrary.wiley.com/doi/10.1046/j.1365-2893.1999.00142.x-i1/full
http://www.nrcresearchpress.com/doi/abs/10.1139/x11-120#.WfozbltSxaQ
http://www.nrcresearchpress.com/doi/abs/10.1139/x11-120#.WfozbltSxaQ
https://link.springer.com/article/10.1007/s10021-012-9573-8
https://link.springer.com/article/10.1007/s10021-012-9573-8
http://www.jstor.org/stable/3803277?seq=1#page_scan_tab_contents
http://www.jstor.org/stable/3803277?seq=1#page_scan_tab_contents
http://www.jstor.org/stable/3536537?seq=1#page_scan_tab_contents
http://www.jstor.org/stable/3536537?seq=1#page_scan_tab_contents
http://onlinelibrary.wiley.com/doi/10.1111/j.1526-100X.2006.00165.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1526-100X.2006.00165.x/full
https://academic.oup.com/jmammal/article/87/2/371/873617
https://academic.oup.com/jmammal/article/87/2/371/873617
http://onlinelibrary.wiley.com/doi/10.1890/1051-0761(2006)016%5B0584:DONFSI%5D2.0.CO;2/full
http://fireecologyjournal.org/journal/abstract/?abstract=52
https://academic.oup.com/jmammal/article/90/2/423/898978
http://onlinelibrary.wiley.com/doi/10.1002/jwmg.146/full
http://onlinelibrary.wiley.com/doi/10.1002/jwmg.146/full
http://www.sciencedirect.com/science/article/pii/S0378112712001843
http://www.sciencedirect.com/science/article/pii/S0378112712001843
http://onlinelibrary.wiley.com/doi/10.1002/jwmg.842/full
http://onlinelibrary.wiley.com/doi/10.1002/jwmg.842/full
https://link.springer.com/article/10.1007/s10980-015-0330-1
https://link.springer.com/article/10.1007/s10980-015-0330-1
http://onlinelibrary.wiley.com/doi/10.1002/jwmg.1017/full
http://onlinelibrary.wiley.com/doi/10.1002/jwmg.1017/full
http://www.bioone.org/doi/abs/10.2111/05-051R2.1
http://onlinelibrary.wiley.com/doi/10.1111/j.1526-100X.2006.00166.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1526-100X.2006.00166.x/full
http://www.sciencedirect.com/science/article/pii/S0378112708000789
http://www.sciencedirect.com/science/article/pii/S0378112708000789
http://www.bioone.org/doi/abs/10.3375/043.029.0204?journalCode=naar
http://www.bioone.org/doi/abs/10.3375/043.029.0204?journalCode=naar
http://www.sciencedirect.com/science/article/pii/S0378112714005325#f0035
http://www.sciencedirect.com/science/article/pii/S0378112714005325#f0035
https://www.sciencedirect.com/science/article/pii/S0378112717317000
https://www.sciencedirect.com/science/article/pii/S0378112717317000


6  |  Ecological Functions of Spatial Pattern in Dry Forests: Implications for Forest Restoration

{ References }
Abella, S. R., and J. D. Springer. 2015. Effects of tree 
cutting and fire on understory vegetation in mixed 
conifer forests. Forest Ecology and Management 
335:281–299.

Alexander, M. E., and M. G. Cruz. 2011. Crown fire 
dynamics in conifer forests. Synthesis of Knowledge 
of Extreme Fire Behavior 1:107–142.

Bailey, J. D., and W. W. Covington. 2002. Evaluating 
ponderosa pine regeneration rates following 
ecological restoration treatments in northern 
Arizona, USA. Forest Ecology and Management 
155:271–278.

Bigelow, S. W., and M. P. North. 2012. Microclimate 
effects of fuels-reduction and group-selection 
silviculture: Implications for fire behavior in 
Sierran mixed-conifer forests. Forest Ecology and 
Management 264:51–59.

Bigelow, S. W., M. P. North, and C. F. Salk. 2011. 
Using light to predict fuels-reduction and group-
selection effects on succession in Sierran mixed-
conifer forest. Canadian Journal of Forest Research 
41:2051–2063.

Bingham, M. A., and S. W. Simard. 2011. Do 
mycorrhizal network benefits to survival and growth 
of interior Douglas-fir seedlings increase with soil 
moisture stress? Ecology and Evolution 1:306–316.

Boyden, S., D. Binkley, and W. Shepperd. 2005. 
Spatial and temporal patterns in structure, 
regeneration, and mortality of an old-growth 
ponderosa pine forest in the Colorado Front Range. 
Forest Ecology and Management 219:43–55.

Buchanan, J. B., R. E. Rogers, D. J. Pierce, and 
J. E. Jacobson. 2003. Nest-site habitat use by 
White-headed Woodpeckers in the eastern 
Cascade Mountains, Washington. Northwestern 
Naturalist:119–128.

Churchill, D.J., G.C. Carnwath, A.J. Larson, and S.A. 
Jeronimo. 2017. Historical Forest Structure, Composition, 
and Spatial Pattern in Dry Conifer Forests of the 
Western Blue Mountains, Oregon. USDA Forest Service. 
Pacific Northwest Research Station, Portland, Oregon. 
General Technical Report. PNW-GTR-956

Comfort, E. J., D. A. Clark, R. G. Anthony, J. Bailey, 
and M. G. Betts. 2016. Quantifying edges as 
gradients at multiple scales improves habitat 
selection models for northern spotted owl. 
Landscape Ecology 31:1227–1240.

Conklin, D.A., and B.W. Geils. 2008. Under-burning 
and dwarf mistletoe: Scorch ‘n’ toe. In: McWilliams, 
M., and P. Palacios, comps. Proceedings of the 55th 
Annual Western International Forest Disease Work 
Conference; 2007 October 15-19; Sedona, AZ. Salem, 
OR: Oregon Department of Forestry. p. 71-75.

Contreras, M. A., and W. Chung. 2013. Developing a 
computerized approach for optimizing individual tree 
removal to efficiently reduce crown fire potential. 
Forest Ecology and Management 289:219–233.

Contreras, M. A., R. A. Parsons, and W. Chung. 
2012. Modeling tree-level fuel connectivity to 
evaluate the effectiveness of thinning treatments 
for reducing crown fire potential. Forest Ecology and 
Management 264:134–149.

Daw, S. K., and S. DeStefano. 2001. Forest 
characteristics of Northern Goshawk nest stands 
and post-fledging areas in Oregon. The Journal of 
Wildlife Management 65:59.

Dodd, N. L., R. E. Schweinsburg, and S. Boe. 2006. 
Landscape-scale forest habitat relationships to 
tassel-eared squirrel populations: Implications 
for ponderosa pine forest restoration. Restoration 
Ecology 14:537–547.

Dodson, E. K., D. W. Peterson, and R. J. Harrod. 
2008. Understory vegetation response to thinning 
and burning restoration treatments in dry conifer 
forests of the eastern Cascades, USA. Forest 
Ecology and Management 255:3130–3140.

Endress, B. A., M. J. Wisdom, M. Vavra, C. G. Parks, 
B. L. Dick, B. J. Naylor, and J. M. Boyd. 2012. Effects of 
ungulate herbivory on aspen, cottonwood, and willow 
development under forest fuels treatment regimes. 
Forest Ecology and Management 276:33–40.

Fettig, C. J., K. D. Klepzig, R. F. Billings, A. S. 
Munson, T. E. Nebeker, J. F. Negrón, and J. T. Nowak. 
2007. The effectiveness of vegetation management 

practices for prevention and control of bark beetle 
infestations in coniferous forests of the western 
and southern United States. Forest Ecology and 
Management 238:24–53.

Fettig, C. J., and S. R. McKelvey. 2014. Resiliency 
of an interior ponderosa pine forest to bark beetle 
infestations following fuel-reduction and forest-
restoration treatments. Forests 5:153–176.

Ferguson, B. A., T. A. Dreisbach, C. G. Parks, G. M. 
Filip, and C. L. Schmitt. 2003. Coarse-scale population 
structure of pathogenic Armillaria species in a mixed-
conifer forest in the Blue Mountains of northeast Oregon. 
Canadian Journal of Forest Research 33:612–623.

Geils, B. W., T. Cibrián, B. Moody. 2002. Mistletoes 
of North American conifers. General Technical 
Report RMRS-GTR-98. USDA Forest Service, Rocky 
Mountain Research Station, Ogden, UT.123 p.

Hollenbeck, J. P., V. A. Saab, and R. W. Frenzel. 2011. 
Habitat suitability and nest survival of white-headed 
woodpeckers in unburned forests of Oregon. The 
Journal of Wildlife Management 75:1061–1071.

Kennedy, M. C., and M. C. Johnson. 2014. Fuel 
treatment prescriptions alter spatial patterns of fire 
severity around the wildland–urban interface during 
the Wallow Fire, Arizona, USA. Forest Ecology and 
Management 318:122–132.

Kittredge, J. 1953. Influences of forests on snow in 
the ponderosa, sugar pine, fir zone of the Central 
Sierra Nevada. Hilgardia 22: 1-96.

Knapp, E. E., D. W. Schwilk, J. M. Kane, and J. E. 
Keeley. 2006. Role of burning season on initial 
understory vegetation response to prescribed fire 
in a mixed conifer forest. Canadian Journal of Forest 
Research 37:11–22.

Larsson, S., R. Oren, R. H. Waring, and J. W. Barrett. 
1983. Attacks of mountain pine beetle as related to tree 
vigor of ponderosa pine. Forest Science 29:395–402.

Latif, Q. S., V. A. Saab, K. Mellen-Mclean, and J. G. 
Dudley. 2015. Evaluating habitat suitability models for 
nesting white-headed woodpeckers in unburned forest. 
The Journal of Wildlife Management 79:263–273.

Figure 5. Ponderosa pine-dominated dry forest on The Nature Conservancy’s Sycan Marsh preserve in Central Oregon after a restoration 
thinning treatment. This treatment included explicit guidelines to restore a pattern of individual trees, clumps, and openings. © Derek 
Churchill, 2017



7  |  Ecological Functions of Spatial Pattern in Dry Forests: Implications for Forest Restoration

Laughlin, D. C., M. M. Moore, J. D. Bakker, C. A. 
Casey, J. D. Springer, P. Z. Fulé, and W. W. Covington. 
2006. Assessing targets for the restoration of 
herbaceous vegetation in ponderosa pine forests. 
Restoration Ecology 14:548–560.

Lehman, C.P., M.A. Rumble, C.T. Rota, B.J. Bird, D.T. 
Fogarty, and J.J. Millspaugh, 2016. Elk resource 
selection at parturition sites, Black Hills, South 
Dakota. The Journal of Wildlife Management 80: 
465-478.

Lehmkuhl, J. F., K. D. Kistler, and J. S. Begley. 2006a. 
Bushy-tailed woodrat abundance in dry forests 
of eastern Washington. Journal of Mammalogy 
87:371–379.  

Lehmkuhl, J. F., K. D. Kistler, J. S. Begley, and J. 
Boulanger. 2006b. Demography of northern flying 
squirrels informs ecosystem management of western 
interior forests. Ecological Applications 16:584–600.

Linn, R. R., C. H. Sieg, C. M. Hoffman, J. L. 
Winterkamp, and J. D. McMillin. 2013. Modeling 
wind fields and fire propagation following bark beetle 
outbreaks in spatially-heterogeneous pinyon-juniper 
woodland fuel complexes. Agricultural and Forest 
Meteorology 173:139–153.

Long, R.A., J.L. Rachlow and J.G. Kie, 2009. Sex-
specific responses of North American elk to habitat 
manipulation. Journal of Mammalogy 90: 423-432.

Lundquist, J. D., S. E. Dickerson-Lange, J. A. Lutz, and 
N. C. Cristea. 2013. Lower forest density enhances 
snow retention in regions with warmer winters: 
A global framework developed from plot-scale 
observations and modeling. Water Resources 
Research 49:6356–6370.

Lydersen, J. M., B. M. Collins, E. E. Knapp, G. B. 
Roller, and S. Stephens. 2015. Relating fuel loads 
to overstorey structure and composition in a 
fire-excluded Sierra Nevada mixed conifer forest. 
International Journal of Wildland Fire 24:484–494.

Lydersen, J., and M. North. 2012. Topographic 
variation in structure of mixed-conifer forests under 
an active-fire regime. Ecosystems 15:1134–1146.

Miller, C., and D. L. Urban. 2000. Connectivity of 
forest fuels and surface fire regimes. Landscape 
Ecology 15:145–154.

Moore, M. M., C. A. Casey, J. D. Bakker, J. D. Springer, 
P. Z. Fule, W. W. Covington, and D. C. Laughlin. 2006. 
Herbaceous vegetation responses (1992-2004) to 
restoration treatments in a Ponderosa pine forest. 
Rangeland Ecology & Management 59:135–144.

Negron, J. F., and J. B. Popp. 2004. Probability of 
ponderosa pine infestation by mountain pine beetle 
in the Colorado Front Range. Forest Ecology and 
Management 191:17–27.

Negrón, J.F., K.K. Allen, A. Ambourn, B. Cook, and K. 
Marchand. 2017. Large-Scale Thinnings, Ponderosa 
Pine, and Mountain Pine Beetle in the Black Hills, 
USA. Forest Science 63: 529-536.

Parsons, R. A., R. R. Linn, F. Pimont, C. Hoffman, J. 
Sauer, J. Winterkamp, C. H. Sieg, and W. M. Jolly. 
2017. Numerical investigation of aggregated fuel 
spatial pattern impacts on fire behavior. Land 6:43.

Pickard, M. R. 2015. Influence of within-stand tree 
spatial arrangement on snowpack distribution and 
ablation in the Sierra Nevada, CA. University of 
California, Merced.

Roberts, S. L., J. W. van Wagtendonk, A. K. Miles, D. A. 
Kelt, and J. A. Lutz. 2008. Modeling the effects of fire 
severity and spatial complexity on small mammals in 
Yosemite National Park, California. Fire Ecology 4 (2): 
83-104. Fire Ecology Special Issue Vol 4:84.

Rocca, M. E. 2009. Fine-scale patchiness in fuel load 
can influence initial post-fire understory composition 
in a mixed conifer forest, Sequoia National Park, 
California. Natural Areas Journal 29:126–132.

Rothermel, R. C. 1991. Predicting behavior and size of 
crown fires in the Northern Rocky Mountains. Res. Pap. 
INT-RP-438. Ogden, UT: U.S. Department of Agriculture, 
Forest Service, Intermountain Research Station. 46 p.

Safford, H. D., J. T. Stevens, K. Merriam, M. D. Meyer, 
and A. M. Latimer. 2012. Fuel treatment effectiveness 
in California yellow pine and mixed conifer forests. 
Forest Ecology and Management 274:17–28.

Sánchez Meador, A. J., M. M. Moore, J. D. Bakker, 
and P. F. Parysow. 2009. 108 years of change in 
spatial pattern following selective harvest of a Pinus 
ponderosa stand in northern Arizona, USA. Journal 
of Vegetation Science 20:79–90.

Schmid, J. M., and S. A. Mata. 1992. Stand density 
and mountain pine beetle-caused tree mortality in 
ponderosa pine stands. USDA, Forest Service, Rocky 
Mountain Forest and Range Experiment Station. 
Research Note RMRS-RN-515.

Schneider, E., A. J. Larson, and K. Jencso. 2015. Small 
scale variability In snow accumulation and ablation 
under a heterogeneous mixed-conifer canopy. Oral 
Presentation at the University of Montana Graduate 
Students Research Conference.

Shannon Matonis, M., and D. Binkley. 2018. Not just 
about the trees: Key role of mosaic-meadows in 
restoration of ponderosa pine ecosystems. Forest 
Ecology and Management 411:120-131.

Skov, K. R., T. E. Kolb, and K. F. Wallin. 2004. Tree 
size and drought affect ponderosa pine physiological 
response to thinning and burning treatments. Forest 
Science 50:81–91.

Stevens, J. T. 2017. Scale-dependent effects of post-
fire canopy cover on snowpack depth in montane 
coniferous forests. Ecological Applications 27: 
1888-1900.

Symons, J. N., D. H. Fairbanks, and C. N. Skinner. 
2008. Influences of stand structure and fuel 
treatments on wildfire severity at Blacks Mountain 
Experimental Forest, northeastern California. The 
California Geographer 48: 61-83.

Teste, F. P., and S. W. Simard. 2008. Mycorrhizal 
networks and distance from mature trees alter 
patterns of competition and facilitation in dry 
Douglas-fir forests. Oecologia 158:193–203.

Troendle, C.A., L. MacDonald, C.H. Luce, and I.J. 
Larsen. 2010. Fuel management and water yield. In 
Cumulative Watershed Effects of Fuel Management 
in the Western United States. Elliot, W.J., I.S. Miller, 
L. Audin (eds). General Technical Report RMRS-
GTR-231. U.S. Department of Agriculture, Forest 
Service, Rocky Mountain Research Station: Fort 
Collins, CO.

Wallin, K. F., T. E. Kolb, K. R. Skov, and M. Wagner. 
2008. Forest management treatments, tree 
resistance, and bark beetle resource utilization in 
ponderosa pine forests of northern Arizona. Forest 
Ecology and Management 255:3263–3269.

Warren, J. M., J. R. Brooks, F. C. Meinzer, and J. L. 
Eberhart. 2008. Hydraulic redistribution of water 
from Pinus ponderosa trees to seedlings: evidence 
for an ectomycorrhizal pathway. New Phytologist 
178:382–394.

White, A. S. 1985. Presettlement regeneration 
patterns in a southwestern ponderosa pine stand. 
Ecology 66:589–594.

Williams, R. E., C. G. Shaw, P. M. Wargo, and W. H. 
Sites. 1986. Armillaria root disease. US Department 
of Agriculture, Forest Service.

Wilson, B. T., A. J. Lister, R. I.  Riemann, D.M. 
Griffith. 2013. Live tree species basal area of the 
contiguous United States (2000-2009). Newtown 
Square, PA: USDA Forest Service, Rocky Mountain 
Research Station. https://doi.org/10.2737/RDS-
2013-0013

York, R. A., R. C. Heald, J. J. Battles, and J. D. York. 
2004. Group selection management in conifer 
forests: relationships between opening size and 
tree growth. Canadian Journal of Forest Research 
34:630–641.

Ziegler, J. P., C. Hoffman, M. Battaglia, and W. Mell. 
2017. Spatially explicit measurements of forest 
structure and fire behavior following restoration 
treatments in dry forests. Forest Ecology and 
Management 386:1–12.

{ References }

www.nature.org/OR_Forests
DEREK CHURCHILL
derek@stewardshipforestry.com

KERRY KEMP
kerry.kemp@tnc.org 

SUGGESTED CITATION 
Churchill, D.J., S T. Seager, A.J. Larson, E.E. 
Schneider, K.B. Kemp and C. Bienz.  Ecological 
Functions of Spatial Patterns in Dry Forests: 
Implications for Forest Restoration.  The Nature 
Conservancy, Portland, OR.  7 p.

ACKNOWLEDGEMENTS   

Funding for this project was provided by the Oregon 
Department of Forestry’s Federal Forest Restoration 
Program (ODF-2191A-14-#9) and The Nature 
Conservancy.

http://www.nature.org/OR_Forests
mailto:derek%40stewardshipforestry.com?subject=
mailto:kerry.kemp%40tnc.org?subject=



