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Abstract

The diverse old-growth forests in Klamath region of northern California and southern Oregon provide valuable ecosystem 
services (e.g., maintaining watersheds, wildlife habitat, recreation), but may be vulnerable to a wide range of stressors, 
including invasive species, disrupted disturbance regimes, and climatic change. Yet our understanding of how forest structure 
in the Klamath region relates to the current physical environment is limited. Here we provide present-day benchmarks for 
old-growth forest structure across a climatic gradient ranging from coastal to dry interior sites. We established 16 large (1 
ha) forest plots where all stems > 5 cm in diameter were identified to species and mapped. Climate across these sites was 
highly variable, with estimated actual evapotranspiration correlated to several basic measures of forest structure, including 
plot basal area, stem size-class inequality, tree species diversity and, to a lesser extent, tree species richness. Analyses of 
the spatial arrangement of stems indicated a high degree of non-uniformity, with 75% of plots showing significant stem 
clumping at small spatial scales (0 to 10 m). Downscaled predictions of future site water balance suggest changes will be 
dominated by rapidly increasing climatic water deficit (D, a biologically meaningful index of drought). While these plots 
give a picture of current conditions, continued monitoring of these stands is needed to describe forest dynamics and to 
detect forest responses to ongoing and future stressors.

Keywords: Climate, forest structure, spatial pattern

Introduction

Within the landscapes of the Pacific Northwest, 
old-growth forests have become focal areas for 
conservation (Strittholt et al. 2006). Old-growth 
forests provide multiple ecosystem services, 
including the maintenance of biodiversity, water-
shed hydrologic integrity, and carbon storage and 
sequestration (Lindenmayer and Franklin 2002, 
Luyssaert et al. 2008). These services are in ad-
dition to the cultural, spiritual, and recreational 
value societies place on old-growth forests. In 
recognition of these features, the conservation of 
old-growth forests has become globally important, 
and large-scale projects are underway to identify 
and protect these resources (Asner et al. 2010). 
These efforts are increasingly urgent as primary 
forests (areas without major human disturbances) 
containing old-growth have been drastically re-
duced globally and continue to decline (FAO 2010, 
Mackey et al. 2014).

Old-growth forests are defined according to nu-
merous dimensions. Forest stand age is a typical cri-
terion (e.g., > 200 years in temperate zones), so that 
sufficient time elapses between major disturbances 
to allow the development of distinctive structural 
characteristics. These characteristics include trees of 
multiple ages and sizes, high frequency/basal area 
of large trees, the presence of large standing and 
downed dead trees, dominance of shade-tolerant 
species, heterogeneity in tree spatial patterns (i.e., 
a random to clumped spatial distribution of trees), 
and canopy gaps, among other measures (Oliver and 
Larson 1990, Franklin and Spies 1991, Franklin et 
al. 2002, Bauhus et al. 2009). 

In comparison to more structurally uniform 
stands, old-growth forests are expected to have 
generally high resistance and resilience to dis-
turbances such as severe wildfire and drought 
(Fulé et al. 2012, D’Amato et al. 2013). Conse-
quently, old-growth structural metrics are often 
used to provide reference conditions to evaluate 
the success of forest restoration. As a result, forest 
restoration often attempts to promote old-growth 
characteristics, typically through prescribed fire 
and/or silvicultural treatments (Spies et al. 2006, 
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Bauhus et al. 2009). Although historical forest 
structure may not be simple to define with certainty 
(Stephenson 1999), old-growth characteristics are 
often targets for directing restoration projects.

Forest conservation considerations therefore 
oblige us to describe our remaining old-growth 
areas and how these forests vary across diverse 
biophysical environments. A common attitude is 
that these forests, once protected, will continue to 
thrive. Yet evidence suggests old-growth forests 
can be susceptible to a wide range of stressors, 
including the disruption of historical disturbance 
regimes (often fire exclusion) (e.g., Agee 1993), 
invasive species (including pathogens) (McDonald 
and Hoff 2001, Rizzo and Garbelotto 2003), and, 
recently, increasing temperatures (van Mantgem 
et al. 2009, Allen et al. 2010, Peng et al. 2011, 
Williams et al. 2012). 

In this paper we provide present-day bench-
marks for critical elements of old-growth forest 
structure across a biophysically diverse array of 
protected areas in the Klamath region of northern 
California and southern Oregon. The old-growth 
forests of this region are of particular importance 
in terms of biodiversity, as the rugged mountains 
of this region have created climatic and disturbance 
refugia that have allowed high levels of endemism 
and diversity (Whittaker 1960, DellaSala et al. 
1999, Sawyer 2007). Within the Klamath region 
variation in precipitation and temperature yield 
sharp contrasts in the water balance, which may 
correlate with variation in forest structure. We use 
a sample of 16 old-growth forest plots to examine 
current forest structure and how some elements of 
forest structure (e.g., tree species diversity) vary 
along a steep climatic gradient, from the Pacific 
Ocean to continental climates in the Klamath region.

Methods

Physical Setting

Rugged topography and proximity to the Pacific 
Ocean create an exceptionally strong climatic 
gradient across Klamath region (Sarr et al. 2007). 
While the region can be described as having a 
Mediterranean-type climate, with cool wet win-
ters and warm dry summers, the influence of the 

Pacific Ocean and mountainous terrain causes 
a great deal of variation within the Klamath re-
gion. In particular, maritime influences decline 
with distance from the ocean, so that precipita-
tion decreases and annual temperature variation 
increases from west to east across this region. 
Summer droughts, a distinguishing feature of 
Mediterranean climates, are modulated by sum-
mer fogs along the coast and by the slow release 
of snowmelt at high elevations in interior areas. 

Plot Establishment

We sampled locations in old-growth forests to 
maximize climatic contrasts from national park 
units of Klamath region (Crater Lake National 
Park, Lava Beds National Monument, Oregon 
Caves National Monument, Redwood National 
Park, and Whiskeytown National Recreation Area) 
and the Cascade-Siskiyou National Monument 
(managed by the Bureau of Land Management) 
(Table 1, Figure 1). Within each of these sites we 
established two large (generally 1 ha) forest plots, 
with the exception of Redwood National Park, 
where we established four plots. Plots were ran-
domly located with GIS within areas identified 
as old-growth by local land managers, defined as 
forests containing large trees and without a history 
of recent major disturbances. Note that plots at 
Lava Beds National Monument and Whiskeytown 
National Recreation Area had evidence of recent 
low-severity prescribed burning. 

Plot establishment followed standard proto-
cols (Condit 1998). Plots were surveyed with a 
laser range finder (Impulse, Laser Technology 
Inc., Centennial, CO) and compasses (MapStar 
II digital compass, Laser Technology Inc., and 
hand-held compasses). All stems > 5 cm DBH 
(stem diameter at breast height, 1.37 m) were 
individually tagged, rated as live or dead, identi-
fied to species, and mapped. Notes on individual 
tree condition were also taken (e.g., presence of 
insect or pathogen attack). 

Climate Data

We used estimates of the water balance to relate 
climate to vegetation (Stephenson 1990, 1998). 
This approach integrates the amount and timing 
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of energy and water inputs, allowing biologically 
meaningful indices of the site’s potential for plant 
productivity (actual evapotranspiration, AET) and 
drought stress (climatic water deficit, D). Deficit 
is calculated as PET minus AET, where PET is 
potential evapotranspiration. In North America, 
coniferous forests typically occupy areas where 
AET < 600 mm yr-1 and D < 400 mm yr-1 (Ste-
phenson 1990). The distribution of vegetation types 
can be distinguished by AET and D from local 
to global scales (Stephenson 1998, Dobrowski 
et al. 2013). AET has also been found to be an 
important predictor of species diversity across 
plant and animal taxa (Hawkins et al. 2003) and 
species richness for trees in eastern North America 
(particularly for those areas where AET < 800 mm 
yr-1) (Fan and Waring 2009). 

Water balance parameters were derived from 
30 year (1971 to 2000) averages calculated from 
the Basin Characterization Model (BCM) (Flint et 

al. 2013). BCM uses interpolated weather station 
data from the Parameter-elevation Regression on 
Independent Slopes Model (PRISM, www.prism.
oregonstate.edu) (Daly et al. 2002), downscaled to 
a 270-m grid resolution. PRISM uses instrumental 
observations and a digital elevation model, making 
adjustments for features such as elevation, aspect, 
slope, and rainshadows. BCM uses the PRISM-
derived monthly maximum and minimum air 
temperature and precipitation to drive a regional 
water balance model. BCM determines PET from 
a rigorous energy-balance calculation using topo-
graphic shading and cloudiness, while AET is 
calculated on the basis of changes in soil water 
content. As a result, deep soils provide storage of 
winter precipitation and maintain lower deficits 
during the summer dry season, while shallow soils 
are limited in their storage capacity, so excess 
winter precipitation is lost to runoff, resulting in 
greater annual deficits. 

TABLE 1. Characteristics of forest monitoring plots. Values for mean plot DBH include ± (1 SE). 

     Tree Mean Basal 
  Lat. Long. Elev. count DBH Area Dominant
Site Plot (°) (°) (m)  (ha-1) (cm) (m2 ha-1) species*

Crater Lake CRLA1 42.98 -122.08 2073 522 33.8 ± (1.2) 78.5 TSME

 CRLA2 42.81 -122.10 1568 865 28.5 ± (0.6) 79.0 ABCO

Cascade-Siskiyou CSNM1 42.17 -122.36 1566 866 20.4 ± (0.8) 63.8 ABCO

 CSNM2 42.18 -122.37 1591 855 19.3 ± (0.7) 51.0 ABCO

Lava Beds LABE1 41.70 -121.57 1590 115 48.2 ± (1.7) 23.8 PIPO

 LABE2 41.69 -121.47 1382 312 26.6 ± (0.7) 21.5 PIPO

Lassen Volcanic LAVO1 40.50 -121.43 2074 1355 14.9 ± (0.4) 43.0 PICO

 LAVO2 40.48 -121.49 2522 339 36.9 ± (1.8) 64.9 TSME

Oregon Caves ORCA1 42.09 -123.41 1290 348 40.0 ± (1.3) 60.1 PSME

 ORCA2 42.10 -123.40 1461 559 27.5 ± (1.3) 74.8 ABCO

Redwood REDW1 41.28 -124.01 583 510 32.5 ± (2.2) 137.1 SESE

 REDW2 41.32 -124.00 203 266 73.7 ± (5.2) 265.1 SESE

 REDW3 41.20 -123.99 172 370 41.9 ± (3.3) 168.5 SESE

 REDW4 41.04 -123.80 742 675 21.9 ± (1.1) 68.2 PSME

Whiskeytown WHIS1 40.59 -122.69 1299 287 14.9 ± (1.0) 11.1 PIPO

 WHIS2 40.59 -122.69 1299 235 24.4 ± (1.4) 19.0 PIPO

* Dominant species by basal area. Species codes are ABCO = Abies concolor (white fir), PICO = Pinus contorta (lodgepole pine), 
PIPO = P. ponderosa (ponderosa pine), PSME = Pseudotsuga menziesii var. menziesii (Douglas-fir), SESE = Sequoia sempervirens 
(coast redwood), TSME = Tsuga mertensiana (mountain hemlock).

van Mantgem and Sarr
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In addition to historical climate, estimates of 
future climate change at our sites were derived 
from averaged BCM outputs run under two Global 
Circulation Models (GCMs) the GFDL (Geo-
physical Fluid Dynamics Laboratory, Stouffer 
et al. 2006), and PCM (Parallel Climate Model, 
Washington et al. 2000) for three modeled future 
periods (2010 to 2039, 2040 to 2069, and 2070 
to 2099). The GFDL and PCM GCMs have been 
shown to realistically simulate recent historical 
climate in California, including seasonal and spa-
tial differences in temperature and precipitation 
(Cayan et al. 2008). Compared to an ensemble of 
16 CMIP3 GCMs, the GFDL and PCM GCMs 

are considered middle to low range for projections 
of temperature and precipitation by mid-century 
(Krawchuk and Moritz 2012), with the GFDL 
representing warmer, drier conditions, and the 
PCM representing warmer, wetter conditions. We 
present modeled differences under the high A2 
emissions and the lower B1 emissions scenarios. 
BCM outputs for historical and future climates 
were obtained through the California Climate 
Commons (2014).

Statistical Analyses

We measured forest structure in terms of stand 
density (stems ha-1), basal area (m2 ha-1), and size 

Figure 1. Location of protected areas sampled in the Klamath region.
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class distributions. We determined patterns of 
stem size distributions for each plot using the Gini 
coefficient as a measure of inequality among stem 
diameter size classes. Linear models appeared to 
provide a reasonable description of the relation-
ships between AET and plot basal area, the Gini 
coefficient, Shannon species diversity (H ), and 
species richness. Deficit is an index of drought 
stress and was not tested against observations 
of forest structure and tree species composition. 

We described tree spatial distributions within 
each plot by considering individual trees as points, 
and examined nearest neighbor patterns at multiple 
scales using the inhomogeneous K-function, a 
second-moment measure that accounts for vari-
ability in the average density (also called inten-
sity) of trees across each plot (Baddeley 2010). 
Intensity is the expected number of points per 
unit area, and may be constant (homogenous) or 
vary across locations (inhomogeneous). Plots of 
kernel estimates of intensity suggested high varia-
tions in intensity, suggesting that inhomogeneous 
models were more appropriate for our data. For 
each plot we considered spatial patterns within a 
search radius of up to 25% the side of the plots, 
or 25 m. We determined the significance of the 
departure from complete spatial randomness 
(CSR) by comparing observed values to the 95% 
simultaneous critical envelope (Baddeley 2010) 
(avoiding inflation of type I errors [Loosmore 
and Ford 2006]), calculated from 999 simulations 
of random point fields, with intensity patterns 
estimated using a kernel smoothing function. 
Results are presented in terms of the normalized 
K statistic, L(h) (where h represents the search 
radius), which is centered on zero. L(h) values 
within the 95% critical envelope are consistent with 
a random distribution of stems, while values below 
the critical envelope are considered significantly 
uniform, and values above the critical envelope 
are considered significantly clumped.

We used a marked point process model to 
directly test if large (  80 cm DBH) versus small 
(< 80 cm DBH) stems had contrasting spatial 
structures using the inhomogeneous K-function 
normalized at zero [i.e., Llarge vs. small (h)]. We used 
different DBH values to categorize large and small 

trees (e.g., 100 cm DBH), obtaining similar results. 
We created a 95% simultaneous critical envelope 
from 999 simulations using random toroidal shifts 
of the pattern for each size class, where observed 
values within the envelope indicate similar distri-
butions, values below the envelope indicate the 
groups “repulse” each other in space, and values 
above the envelope indicate “attraction” in the 
groups’ spatial pattern.

Results

In our study plots stem density averaged 530 trees 
ha-1 (± 1 SE = 81 trees ha-1, range = 115 to 1355 
trees ha-1), while stand basal area averaged 76.8 
m2 ha-1 (± 1 SE = 16.3 m2 ha-1, range = 11.1 to 
265.1 m2 ha-1). Extremely high basal areas were 
found in plots that contain large individual coast 
redwood (Sequoia sempervirens). Tree species 
richness was on average five species per plot, but 
variable with a range of 1 to 11 species (Table 2). 

As is typical for uneven-aged forests, the average 
stem size class distribution followed a ‘reverse-j’ 
shaped distribution (Figure 2). The Gini coefficient 
among plots ranged from 0.21 to 0.60, with a mean 
value of 0.44 (± 0.5, 2 SE). AET was positively 
related to the Gini coefficient (  = 0.0004, SE 
= 0.0002, P = 0.03, adj. R2 = 0.26). Plot basal 
area was related linearly to AET (P = 0.01), but 
this relationship was heavily influenced by plots 
dominated by coast redwood (graphs of model 
residuals suggested these plots were outliers and 
had high leverage). If the coast redwood plots were 
removed the relationship became non-significant 
(P = 0.78). Tree species composition was also 
positively related to AET, explaining the majority 
of the variance in tree species diversity ( = 0.002, 
SE = 0.001, P < 0.001, adj. r2 = 0.58), but only 
14% of the variance in tree species richness (P = 
0.08) (Figure 3). However, the Oregon Caves plot 
2 with 11 species appeared to be an outlier in terms 
of the linear model, and when removed AET was a 
better predictor of tree species richness (  = 0.008, 
SE = 0.001, P = 0.001, adj. r2 = 0.53).

Water balance parameters for our forest plots 
spanned the entire ranges commonly associated 
with temperate coniferous forests (AET range = 
67 to 662 mm yr-1, D range = 3 to 596 mm yr-1) 

van Mantgem and Sarr
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(Figure 4). One plot (Lassen Volcanic 2) had 
unusually low AET for a coniferous forest, but 
it is a high elevation forest dominated by Tsuga 
mertensiana (mountain hemlock). Over the coming 
century some forests that currently have low AET 
(plots Crater Lake 1 and Lassen Volcanic 2) are 
expected to see large increases in AET (changes 

relative to the 1971 to 2000 period averaged over 
both GCMs and emissions scenarios; AET2039 
= 49, AET2069 = 68, AET2099 = 70 mm yr-1). 
However, expected changes at our plots appear to 
be dominated by increases in D (changes relative 
to the 1971 to 2000 period averaged over all plots, 
both GCMs and emissions scenarios; D2039 = 29, 

D 2069 = 58, D 2099 = 108 mm yr-1) (Figure 4). 
These changes represent a 17% average increase 
in AET and a 39% average increase in average 
D by the end of the century. Sites near the coast 
(forests at Redwood National Park, AET > 500 
mm yr-1) are expected to see relatively smaller 
changes compared to more interior sites. 

Contour plots of the spatial intensity showed 
that the density of stems was highly variable across 
each plot (not shown), indicating the need to use 
inhomogeneous measures of spatial pattern. The 
inhomogeneous L(h) statistic showed that 12 plots 
(75%) had significant stem clumping at small 
spatial scales (0 to 10 m), while 6 plots (38%) 
had uniform arrangements of stems at distances 
generally > 10 m (Figure 5). The marked point 
process model comparing large (  80 cm DBH) 
versus small (< 80 cm DBH) stems suggested that 
these groups are strongly segregated for 10 of 16 
plots (63%) at spatial scales greater than 10 m. 

TABLE 2. Tree species composition of forest plots. 

Site Plot Species*

Crater CRLA1 TSME 91%, ABPR 8% 
Lake CRLA2 ABCO 48%, ABMA 43%, PICO 3%, 
  PIPO 3%, PIMO 1%, TSME 1%
  
Cascade- CSNM1 ABCO 50%, PSME 32%, PILA 10%, 
Siskiyou  CADE 8%  
 CSNM2 ABCO 52%, PILA 25%, PSME 21%,  
  CADE 3%
  
Lava LABE1 PIPO 100%  
Beds LABE2 PIPO 98%, JUOC 2%
  
Lassen LAVO1 PICO 50%, ABMA 43%, TSME 7% 
Volcanic LAVO2 TSME 100%
  
Oregon ORCA1 PSME 56%, ABCO 39%, CADE 3%,  
Caves   ACMA 2%
 ORCA2 ABCO 53%, PSME 36%, CHLA 4%, 
  CHCH 3%, PILA 3%
  
Redwood REDW1 SESE 51%, PSME 38%, TSHE 9%, 
  LIDE 2%
 REDW2 SESE 87%, PSME 13%
 REDW3 SESE 62%, PSME 30%, LIDE 5%, 
  TSHE 3%
 REDW4 PSME 74%, LIDE 18%, ACMA 3%,  
  ARME 2%, QUCH 2%
  
Whiskey- WHIS1 PIPO 51%, PILA 48%, ABCO 1%
town WHIS2 PIPO 54%, PILA 39%, ABCO 3%, 
  PSME 3%

*Species composition of live stems  5 cm DBH at time of 
plot establishment. ABCO = Abies concolor, ABMA= A. 
magnifica, ABPR = A. procera. ACMA = Acer macrophyllum, 
ARME = Arbutus menziesii, CADE = Calocedrus decurrens, 
CHCH = Chrysolepis chrysophylla, CHLA = Chamaecyparis 
lawsoniana, CONU = Cornus nuttallii, JUOC = Juniperus 
occidentalis, LIDE = Notholithocarpus densiflorus syn. Litho-
carpus densiflorus, PICO = Pinus contorta, PILA = P. lam-
bertiana, PIMO= P. monticola, PIPO = P. ponderosa, PSME 
= Pseudotsuga menziesii var. menziesii, QUCH = Quercus 
chrysolepis, SESE = S. sempervirens, TABR = Taxus brevi-
folia, TSHE = Tsuga heterophylla, TSME = T. mertensiana. 
Percentages may not add to 100 due to rounding.

Figure 2. Histogram of total live tree stem size classes across 
all 16 forest plots.
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Figure 3. Linear models of actual evapotranspira-
tion (AET) as a predictor of (A) species 
diversity and (B) richness. The black line 
is the predicted relationship using a linear 
model, with shaded areas representing 
one SE. For the species richness model a 
single observation (Oregon Caves plot 2) 
with unusually high richness was removed 
(open symbol). 

Figure 4. Average actual evapotranspiration 
(AET) and climatic water deficit 
(D) for all plots and modeled 
changes estimated from BCM 
over the coming century (A) for 
a high A2 emissions scenario 
and (B) the lower emissions B2 
scenario. Points represent histori-
cal 30-year normals (1971-2000), 
with line segments representing 
conditions expected at 2010-
2039, 2040-2069, and 2070-209 
averaged from two general circu-
lation models (GFDL and PCM).

van Mantgem and Sarr



177Klamath Old-growth Forests

Discussion

The old-growth forests we sampled in the Klamath 
region contain a broad range of climates, with a 
corresponding variation in structural and compo-
sitional attributes. The positive associations we 
found with basal area, diversity, and richness and 
AET gradient are in agreement with past studies 
that have demonstrated that forest structure and 
diversity is highly correlated with climate (Whit-
taker 1960, Stephenson 1990, Hawkins et al. 2003, 
Fan and Waring 2009). 

The current relationships between climate and 
forest structure may change over the next 100 
years. Current warming trends across the western 
United States have already resulted in substantial 

changes to mountain snowpacks and forest hydrol-
ogy (Mote et al. 2005, Stewart et al. 2005), fire 
activity in some areas (Littell et al. 2009, Miller 
et al. 2012, Williams et al. 2012), reductions in 
forest biodiversity (Damschen et al. 2010, Har-
rison et al. 2010), rapidly increasing forest tree 
mortality rates (van Mantgem and Stephenson 
2007, van Mantgem et al. 2009), and increased 
risks of forest die-back (Allen et al. 2010). We 
might expect similar trends at our forest sites 
within Klamath region (Olson et al. 2012). Indeed, 
projected conditions estimated from downscaled 
GCMs suggest that by the close of this century 
many of our forest sites will experience changing 
climatic conditions. 

Figure 5. Tree spatial pattern for all species at sixteen old-growth plots (A), and for large (  80 cm DBH) versus small (< 80 
cm DBH) trees at all plots. Lines are the observed normalized K-function [L(h)] for individual plots. Dashed intervals 
represent random distributions and solid intervals above and below the zero control line indicate statistically significant 
(  = 0.05) clumping or repulsion, respectively. Significance was determined by departures from 95 percent simultaneous 
critical envelopes (Baddeley 2010).
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Another important consideration is heteroge-
neity in the magnitude and direction of projected 
environmental change across our sites (Figure 4). 
Whereas moisture-limited forests (fir and pine 
in our study area) at low- to mid-elevations will 
possibly be most strongly affected by increases 
in D, higher elevation forests, where moisture 
is less limiting, may show increasing AET, due 
to increases in temperature and longer growing 
seasons, with modestly increasing D. The Basin 
Characterization Model also suggests muted 
changes for AET and D in our coastal redwood 
forest plots, likely due to continuing marine influ-
ences on temperatures. 

Yet predictions of future forest conditions 
in the Klamath region are highly uncertain. For 
example, our poor understanding of fog patterns 
makes it difficult to confidently predict changes 
for coastal forests (Johnstone and Dawson 2010). 
We are also unsure of the mechanisms whereby 
increased drought stress leads to tree mortality so 
that predictions of forest demographic responses 
to climatic change is highly uncertain (Das et al. 
2013). Tree seedlings are also likely to be highly 
sensitive to climate (van Mantgem et al. 2006), 
and seedlings of some species may already be 
responding to observed climate change (Bell et 
al. 2014). The potential for greater forest pest 
activity is also unknown (Weed et al. 2013). 
This might be particularly important for exotic 
pathogens, such as white pine blister rust (Cron-
artium ribicola) (McDonald and Hoff 2001, Sarr 
et al. 2007) and sudden oak death (Phytophthora 
ramorum) (Maloney et al. 2005), which may show 
increased virulence under warmer conditions. It 
is also likely that many stressors will work in 
combination, so that their interactions may lead 
to more pronounced impacts (e.g., van Mantgem 
et al. 2013). In contrast, physiological research 
has suggested that some tree species may show 
growth enhancement with elevated CO2, through 
increases in water use efficiency (Norby et al. 
1999), yet the implications for the full suite of 
species and age classes in old-growth forests in 
the Klamath region is scarcely understood. 

While predicting exact future conditions in the 
Klamath region may not be possible, managers can 
still act (Millar et al. 2007). There are likely to be 

areas, even in interior sites, that resist change (e.g., 
north facing slopes or areas with deep, well-watered 
soils). The identification of these potential refugia 
may help to prioritize management actions (Olson 
et al. 2012). Conversely, sites that are already near 
the climatic edge for supporting forests may not be 
worth large management investments. Managers 
can also act to help buffer the effects of climate 
changes by reducing current threats via removing/
suppressing exotic species or restoring historical 
fire regimes. However, given the magnitude of 
expected changes, historical conditions may not 
automatically provide the most resistant and resil-
ient ecosystem states (sensu Walker et al. 2004). 

If managers are seeking to recreate histori-
cal forest structures we found little support for 
restoration treatments that create uniform stem 
spatial patterns (Bauhus et al. 2009). We identi-
fied strong evidence of clumping at small spatial 
scales (from approximately < 10 m) and generally 
random spatial arrangement of stems at larger 
spatial scales. Moreover, there appeared to be 
segregation between large and small stems at 
large (approximately > 10 m) spatial scales. These 
results are in agreement with findings from other 
coniferous forests (Larson and Churchill 2008, 
van Mantgem and Stuart 2012). How well current 
old-growth conditions reflect stand structure prior 
to European settlement is difficult to determine 
precisely (Stephenson 1999). The disruption of 
historical disturbance regimes, exotic species 
(including pathogens), fragmentation, and other 
changes have likely altered old-growth forests. 
But until a better model for restoration targets 
is identified, these old-growth stands provide 
our best model of reference conditions in the 
Klamath region.

These results represent an initial effort to 
quantify current old-growth forest conditions in 
the Klamath region. Future surveys will allow us 
to measure forest dynamics, particularly changes 
in forest demographic rates (growth, recruitment 
and mortality). These plots may also serve to pro-
vide a setting to study a wider suite of measures 
of biodiversity, such as insects or land-birds. Our 
plot data could be combined with other forest 
monitoring efforts to get a broader understanding 
of old-growth forest in the Klamath region (e.g., 
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the national-scale Forest Inventory and Analysis 
program, Bechtold and Patterson 2005). Ideally, 
plot-based measurements could be combined with 
remotely sensed imagery to provide large scale 
assessments of forest condition (Gonzalez et al. 
2010). The continued measurement and monitoring 
of these old-growth stands is needed to ensure we 
are able detect any subtle, pervasive trends that 
may be occurring (van Mantgem et al. 2009).
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