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A B S T R A C T

Tree spacing during reforestation is a critical decision that influences the trajectory and rate of stand develop
ment over time, but there is limited quantification of responses at meaningful time scales for management. Here 
we report on ~40 year response of coast Douglas-fir (DF, Pseudotsuga menziesii var. menziesii), noble fir (NF, Abies 
procera) and western white pine (WWP, Pinus monticola) to five or six spacing treatments that ranged from 1 to 
6 m in the western Cascades of Washington, USA. Spacing effects were tested separately for each species in 
completely randomized designs applied to 0.4 ha plots with 4–6 replications per treatment. There was no effect 
of spacing on relative survival in WWP and NF; for DF, relative survival decreased with decreasing spacing, with 
the effect becoming more pronounced with time. Quadratic mean diameter generally increased with increasing 
spacing for WWP and DF, but the effect attenuated at 4-m spacing and higher. Total stand volume was inversely 
related to spacing for all species for much of the study period, but there was no difference in volume among 
spacings for DF in the most recent measurement because of the density-dependent mortality in narrow spacings 
as Stand Density Index increased above 55 % of maximum. Our findings indicate that wider spacings (5–6-m) 
promote the development of larger trees with more complex stand structure (including that arising from 
ingrowth), while spacings of 3–4-m will maximize wood production. The implications of these findings are 
discussed in the context of management objectives, silvicultural resource constraints, and species-specific 
considerations.

1. Introduction

Decisions on what and how to plant during reforestation influence 
the success of short-term stand establishment and longer-term forest 
development and function. Such decisions are critically important as 
they influence the trajectory of stand development and eventual ca
pacity to meet management objectives such as resiliency to changing 
climate or sustainable production of wood and other forest products 
(Dobrowski et al., 2024, Rubilar et al., 2018). Tree spacing at time of 
planting is one critical decision as it influences the ability of planted 
trees to acquire resources needed for survival and growth (Oliver and 
Larson, 1996), ultimately driving differences in stand-level structural 
characteristics as development proceeds from young, open-canopied 
conditions (Scott et al., 1998) through canopy closure and beyond 
(Harrington et al., 2009, Gabria et al., 2023). Resource acquisition of 
any individual tree is influenced by competition with other trees (which 
increases with decreasing spacing or increasing density) as well as other 

vegetation that becomes established prior to or after planting occurs 
(Oliver 1990, Wagner et al., 1999); because of this, competition for re
sources is generally high during the establishment phase regardless of 
planting density (Balandier et al., 2006). Total stand volume growth in 
this early stage of development is generally greatest in stands planted at 
a narrow spacing (high density) compared to wider spacings as more 
growth resources are captured by planted trees (Harrington et al., 2009, 
Scott et al., 1998). At later stages of development, higher planting 
densities eventually succumb to competition-induced mortality, result
ing in lower total stand growth compared to stands initially planted at 
lower densities where individual (and total stand) growth remain high 
(i.e., the “crossover” effect, sensu Oliver and Larson, 1996).

Given the importance of initial tree spacing to stand development 
and productivity, several studies have investigated its effect on early 
survival and growth in forests of the Pacific Northwest (PNW) USA 
(Reukema, 1979, Scott et al., 1998, Woodruff et al., 2002, Harrington 
et al., 2009). An underlying objective of past work was to determine 
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which tree spacing, either alone or in combination with other manage
ment activities such as forest thinning, would maximize stand produc
tivity and economic return over a given rotation. Currently, 
production-oriented coast Douglas-fir (Pseudotsuga menziesii var. men
ziesii) sites west of the Cascade crest are commonly planted at a spacing 
of 3 m which has been shown to balance diameter and volume growth up 
to age 25 (Harrington et al., 2009). Stands planted at this density are 
commonly precommercial thinned in the second decade after planting to 
redistribute limited site resources to dominant and codominant trees. In 
the absence of thinning at this density, tree to tree resource competition 
will increase over time, slowing or stagnating stand growth as 
competition-induced mortality occurs (Curtis, 2006).

Lower planting densities (wider spacing) than typical for production 
systems may be more appropriate for different management objectives 
or in response to changing economic and environmental conditions 
(Dobrowski et al., 2024, Rubilar et al., 2018). For example, North et al. 
(2019) outlined substantial reductions in forest thinning actions on 
USFS National Forest System (NFS) lands which were attributed to 
limitations in workforce and funding availability. Because of this, 
managers may choose to plant at lower densities to avoid the need for 
thinning in the future. At the same time, the amount of NFS land 
requiring reforestation has drastically increased in response to cata
strophic wildfires across the western US (USDA Forest Service, 2022) 
while nursery capacity has decreased (Dobrowski et al., 2024, Fargione 
et al., 2021). In response, NFS managers may plant at lower densities 
(<200 trees per acre) to increase the amount of land area that can be 
planted in a given year with limited seedlings. Lower stand densities, 
either via initial planting or thinning, also have potential to increase 
forest resilience to extreme conditions such as drought (North et al., 
2022) and promote the development of forest structure important for 
wildlife habitat (Dodson et al., 2012, Sullivan et al., 2001).

Most spacing studies in the PNW region have evaluated short-term 
responses for only a few commercially dominant species (e.g., 
Douglas-fir, <10 years; Scott et al., 1998, Woodruff et al., 2002, Har
rington et al., 2009), and do not address current information needs 
associated with changing management objectives and environmental 
conditions. There are limited reports of long-term responses to spacing 
treatments that may inform managers who are considering lower 
planting densities than typically used in production forestry. In situa
tions where thinning (precommercial or commercial) is not planned for 
the stand, quantifying the longer-term response is critical as tree-to-tree 
competition and its effects increase with time and in response to extreme 
weather events associated with climate change (D’Amato et al., 2013).

A series of spacing trials were established between 1980 and 1982 at 
the Wind River Experimental Forest in the Western Cascades of Wash
ington, USA. The trials tested five or six spacing treatments from 1 to 6 m 
that were applied to three tree species that are economically and 
ecologically important in the PNW region: Douglas-fir, noble fir (Abies 
procera) and western white pine (Pinus monticola). Previous reports be
tween 16 and 33 years after planting documented limited effects of 
spacing treatments on tree height variables, but a significant increase in 
individual tree diameter growth and decrease in total stand volume with 
increasing spacing (Harrington et al., 2009, Curtis et al., 2016, Bishaw 
et al., 2003, Curtis et al., 2013). Here we report growth responses of 
these species ~40 years after planting, and also report spacing effects on 
understory vegetation composition in the Douglas-fir plots only. Our 
objective was to determine how species and spacing at time of planting 
influence long-term tree survival, growth, understory plant commu
nities, and stand structure over a period that approximates a typical 
rotation length in the region.

2. Methods

2.1. Study site description

The trials are located in the Trout Creek Division of the Wind River 

Experimental Forest, Washington USA (45.828 ºN, − 121.997 ºE). The 
regional climate is Mediterranean with cold, moist winters, and dry 
summers with prolonged periods of drought. Mean annual temperature 
at the site is 8.7℃ (15.2℃ during May-Sept) and annual precipitation is 
2510 mm (270 mm falling during May-Sept) (monthly normals 
1991–2020, PRISM Climate Group). Soils developed as residuum from 
basalt and are classified as a medial, amorphic, mesic vitric hapludand 
with a loam texture (Stabler series; Soil Survey Staff, 2024). Elevation at 
the sites range from 500 to 860 m with slopes of ~10 % across most of 
the site, but with some portions (those used for the noble fir trial – see 
below) much steeper (~70 %). The pre-harvest old-growth stand was 
dominated by Douglas-fir and western hemlock (Tsuga heterophylla) with 
minor components of Pacific silver fir (Abies amabilis), western redcedar 
(Thuja plicata), and noble fir; the understory was composed of vine 
maple (Acer circinatum), Pacific dogwood (Cornus nuttallii), salal 
(Gaultheria shallon), Oregon grape (Mahonia aquifolium), and beargrass 
(Xerophyllum tenax), among other minor species (Bishaw et al., 2003). 
The site was clearcut in 1977, slash burned in 1978, and then planted 
between 1979 and 1981 depending on species (see details below).

2.2. Experimental design and measurements

Each species was installed as a separate experiment but with similar 
spacing treatments among them. The overall design for all species was a 
completely randomized design with spacing treatments: for noble fir 
(NF) and western white pine (WWP), spacing treatments included, 2-, 3-, 
4-, 5-, and 6-m spacings; for Douglas-fir (DF), spacing treatments 
included 1-, 2-, 3-, 4-, 5-, and 6-m spacings. All treatments were applied 
to square plots 0.4 ha in size, but replication was variable depending on 
spacing and species (Supplemental Figure S1). WWP spacings of 2-, 4-, 5- 
, 6-m were each replicated three times and the 3-m spacing was repli
cated six times; all NF spacing treatments were replicated four times; DF 
spacings of 2-, 3-, 4-, 5-, and 6-m were each replicated six times and the 
1-m spacing was replicated four times. The variation in the number of 
replicates was primarily due to financial and logistical constraints, 
notably for the 1-m spacing treatment (limited seedlings were available 
for WWP and NF). The number of trees planted at 1-, 2-, 3-, 4-, 5-, and 6- 
m spacings was 10,000, 2500, 1111, 625, 400, and 278 trees per hectare 
(TPH). In all instances, individual planting locations were delineated 
and marked to ensure that the target spacing was uniformly achieved. 
Bareroot 2–0 seedlings were planted for NF in Spring of 1980, for DF in 
Spring of 1981, and for WWP in Spring of 1982. Seed sources were from 
a local population at elevation of 610 m for DF, and a local population at 
915 m for NF. For WWP, the species is highly susceptible to white pine 
blister rust (Cronartium ribicola); seed was sourced from blister rust- 
resistant mother trees from an elevation of 760–1070 m (Bishaw et al., 
2003).Additional actions were taken to ensure that the treatment 
spacing was maintained including competition control via herbicide 
application in the first year after planting, replacement of dead planted 
trees for the first 3 years after initial planting, and periodic removal of 
volunteer seedlings/trees via cutting. Ten of the NF plots had Ceanothus 
velutinous annually removed within 1 m of planted seedlings in 1990 
(Erickson and Harrington, 2006). More details on treatment application 
specific to each species are available in Curtis et al., 2013, Harrington 
et al., (2009), and Bishaw et al., 2003.

Measurements were conducted on tagged trees located in permanent 
plots that were established in 1989 (7–9 years after planting). Mea
surement plots were variable in size depending on the spacing treatment 
but consistent across species: the number of tagged measurement trees 
per plot was 200 for the 1- and 2-m spacings (arranged as two 100-tree 
plots within the treatment plot), and 196, 100, 64, and 49 trees for the 3- 
, 4-, 5-, and 6-m spacings, respectively. Periodic measurements were 
initiated in 1989 and varied across species, but we focus on the following 
measurement periods for this analysis: DF was measured in 1997, 2001, 
2005, 2013, and 2021 (40 years after planting); NF was measured in 
1997, 2001, 2005, 2009, 2013, and 2021 (41 years after planting); WWP 
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was measured in 1997, 2002, and 2021 (39 years after planting). Mea
surements occurred after growth cessation in the associated year; trees 
were recorded as alive or dead, all live trees were measured for diameter 
at breast height (DBH; precision of 0.1 cm), and a subset of trees 
(~40–60 per plot) were measured for total height and height to live 
crown (precision of 0.1 m). Ingrowth was tagged and measured on all 
trees > 4 cm DBH throughout the study period.

Understory vegetation was measured at all DF plots in July 2021 to 
assess treatment effects on understory composition. A fixed 5.64-m 
radius circular plot was established at the approximate center of the 
measurement plot in each treatment plot. Cover of all herbaceous plants, 
shrubs, and trees (i.e., canopy cover) were visually estimated by height 
class to the nearest 1 % for cover estimates between 1 % and 10 % and 
the nearest 5 % for cover estimates > 10 %. Herbaceous species < 1 % 
cover were not recorded except for non-native species and graminoids. 
Tree regeneration (> 5 cm height and <5 cm DBH) counts were 
measured in a nested 2-m radius plot by tree species and 1-cm size 
classes.

2.3. Data analysis

Each species was analyzed independently for all analyses. We 
calculated plot means for each species and measurement period for the 
following variables: relative survival (as a proportion) of originally 
planted trees, quadratic mean diameter (cm), mean total height and 
height to live crown for trees measured for height only (m), total live 
basal area (m2 ha− 1), total wood volume (m3 ha-1), and Reineke’s Stand 
Density Index (SDI, Reineke, 1933). We also calculated live tree density 
(TPH) for each treatment at the last measurement period to account for 
ingrowth over the study period. For total wood volume estimates, we 
first estimated the height of trees only measured for DBH using linear 
regression height-diameter models developed from measured height 
trees for each species by spacing treatment. Individual tree volumes 
were then calculated using published equations for DF (Bruce and 
DeMars, 1974), NF (Browne, 1962), and WWP (Wykoff et al., 1982) (see 
equations in Supplemental Materials Table S1), which were then sum
med within a measurement plot to estimate total volume per ha. For 
understory data collected in the DF plots only, we summed percent cover 
estimates for a given species across height classes, and then summed 
within herbaceous, shrub, and tree classes prior to analysis.

We fit species-specific generalized linear mixed models to assess 
spacing treatment effects over the entire study period for each of the 
following plot-level response variables: relative survival, quadratic 
mean diameter, total wood volume, SDI, and live basal area. For each 
species and response variable, we fit a model that included the fixed 
categorical predictors of spacing, stand age, and a spacing by stand age 
interaction term and a random effect of plot to account for repeated 
measures over time. Models were fit with a gamma distribution except 
models of relative survival, which were fit with a binomial distribution. 
We then assessed spacing treatment effects for just the most recent 
measurement in 2021 (stand ages of 39–41 years) using species-specific 
generalized linear models for the following plot-level response vari
ables: live tree density, total height, height to live crown, proportion 
cover of herbaceous, shrub, tree regeneration and overstory trees, and 
herbaceous, shrub, and total species richness (cover and richness 
response variables for DF only). For each species and response variable, 
we fit a model that included spacing as a single categorical predictor. 
Models of live tree density were fit with a negative binomial distribu
tion, models of height and richness response variables were fit with a 
Gaussian distribution, and models of proportion cover response vari
ables were fit with a beta distribution.

Statistical analyses were conducted in R version 4.4.0 (R Core Team 
2024). Models were fit with glmmTMB (Brooks et al., 2017) and were 
evaluated with DHARMa (Hartig 2021). Model evaluation included 
evaluation for outliers and uniform residuals prior to interpretation. We 
used and alpha level of 0.05 to determine significance of model 

predictors. If spacing and/or the interaction term (in repeated measures 
models) was significant, we performed pairwise comparisons between 
all spacing treatments within each measurement period using Tukey’s 
honestly significant difference (HSD) test in emmeans (Lenth 2024). 
Results were visualized with ggplot2 (Wickham 2016) and patchwork 
(Pedersen 2024).

3. Results

3.1. Survival and ingrowth

There was no effect of spacing on relative survival for WWP or NF, 
but there was an effect of spacing for DF that varied with time 
(p < 0.001; Fig. 1, Supplemental materials Table S2). For DF, effects 
generally manifested as decreasing relative survival with decreasing 
spacing, where the 1- and 2-m spacing treatments had notable re
ductions in survival rates with time (Fig. 1). By the end of the study 
period, relative survival in the 1- and 2-m spacings was significantly 
lower than in all other spacing treatments, and relative survival in the 3- 
m spacing (0.68, 95 % CI: 0.60–0.74) was significantly lower than in the 
6-m spacing (0.90, 95 % CI: 0.83–0.94) but not different from the 4-m 
(0.81, 95 % CI: 0.74–0.87) or 5-m (0.83, 95 % CI: 0.75–0.89) spacing. 
Overall survival was lowest for WWP by the end of the study period 
(average of 0.50 across all spacing treatments; Supplemental Table S3). 
Relative survival for NF at the end of the study period ranged from 0.52 
(95 % CI: 0.32–0.71) in the 2-m spacing to 0.75 (95 % CI: 0.57–0.88) in 
the 6-m spacing, with an average relative survival of 0.64 across all 
spacing treatments (Supplemental Table S4).

Live tree density (planted + ingrowth) at the end of study period 
varied with spacing treatment for all species (Supplemental Table S2). 
NF had notable increases in density above the planting density for 
spacings of 3–6 m; this same response (i.e., net recruitment) was 
observed at 6-m spacing in WWP, and 5- and 6-m spacing in DF 
(Table 1). Recruitment composition was dominated by DF across all 
species treatments and most spacings, followed by western hemlock. DF 
and western hemlock recruitment were inversely proportional across 
spacing treatments in the DF treatment blocks, with relative western 
hemlock recruitment increasing with increasing spacing (data not 
shown).

3.2. Growth responses

Spacing treatment had a significant effect on quadratic mean diam
eter (QMD) that varied with time for all species (p < 0.001, Supple
mental Table S2), but pairwise comparisons failed to detect significant 
differences between spacing treatments within a measurement period 
for NF, due to high within-treatment variability (Supplemental 
Table S4). For WWP and DF, QMD increased with increasing spacing, 
but differences attenuated at 4-m spacing and higher. This pattern 
remained similar in each measurement period despite the significant 
interaction between spacing and stand age (Fig. 2). Average QMD in the 
4–6-m spacings at the end of the study period was approximately 31.6, 
25.0, and 31.3 cm for WWP, NF, and DF, respectively (see Supplemental 
Tables S3–5 for treatment means and confidence intervals for each 
spacing and species).

There was no effect of spacing treatment on total height for either 
WWP or NF by the end of the study period (p > 0.3); height tended to 
increase from 1 to 3-m spacing in WWP but there was no discernable 
pattern in NF which was associated with high variability (Fig. 3). In 
contrast, there was a significant effect (p = 0.002) of spacing treatment 
on total height for DF which manifested as significantly lower height in 
the 1-m spacing compared to spacings 3-m and greater (Fig. 3). The 
response of height to live crown (HLC) was opposite to that of total 
height, where HLC generally decreased with increasing spacing (Fig. 3). 
For WWP, HLC was significantly greater in the 2-m than the 5- and 6-m 
spacings. For DF, HLC was significantly greater in the 2- and 3-m 
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spacings than in the 5- and 6-m spacings. There was no effect of spacing 
treatment on HLC for NF.

Spacing treatment had a significant effect on total stand wood vol
ume of trees > 4 cm DBH for all species that was dependent on mea
surement period. Volume generally decreased as spacing increased, with 
differences among treatments becoming larger with time (Fig. 4). 
However, there are many nuances to this general pattern. For WWP, 
total wood volume decreased with increased spacing with the exception 
of 5- and 6-m spacings which were similar to each other and lowest 
throughout the study period. For NF, patterns of volume response to 
spacing treatment were not consistent over the study period; the 2-m 
spacing had higher volume than the 4–6-m spacings at stand age 17 
and 21, but differences in later years were not significant due to high 

variation among plots. For DF, the 1-and 2-m spacing treatments had 
significantly higher volume than the 3–6 m spacing treatments between 
years 16–24, but volumes were similar among treatments in the most 
recent measurement because of increased mortality in the 1- and 2-m 
spacing treatments (Fig. 1). The exception was the 6-m spacing treat
ment, which had significantly lower volume than the 2–4-m treatments 
in the most recent measurement (Fig. 4). Unsurprisingly, basal area re
sponses to the treatments were very similar to those for volume ( see 
Supplemental Tables S3–5 for basal area estimates by species and 
treatments).

Spacing treatment had a significant effect on SDI for each of the three 
species that varied with stand age (p < 0.001 for all species, Supple
mental Table S2). These effects reflect differences in live tree density and 

Fig. 1. Mean relative survival of originally planted seedlings for a) western white pine, b) noble fir, and c) Douglas-fir by spacing treatment and measurement year 
(stand age). There was a significant effect of spacing within a measurement period on Douglas-fir survival, but no effect on western white pine or noble fir survival. 
Significant differences among spacing treatments for each measurement period are shown in Supplemental Tables S3–5.
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QMD among spacing treatments across the three species. Across all 
species, SDI increased as spacing decreased and generally increased over 
time within each spacing (Fig. 5). One notable departure from this 
general pattern is trends in narrower spacing within DF, where SDI 
significantly decreased at 1–2 m spacings since the previous measure
ment period.

3.3. Vegetation cover and richness (Douglas-fir only)

There were significant effects of spacing treatment on cover of shrubs 
and trees (Table S6), but multiple comparisons failed to detect differ
ences among treatments for tree cover. Shrub cover was generally higher 
at wider spacings, but only significantly different between the 1-m and 
3–6 m spacings (Table 2). The dominant shrub species across all spac
ings were salal and Oregon grape, which are common associations in this 
vegetation zone. There was no effect of spacing on herbaceous cover or 
total species richness (Table S6). The most common herbaceous species 
across all spacings were vanilla leaf (Achlys triphylla), bracken fern 
(Pteridium aquilinum), western sword fern (Polystichum munitum) and 
bear-grass. Douglas-fir and western hemlock were the only regenerating 
tree species observed across all spacing treatments.

4. Discussion

Spacing between tree seedlings at time of planting influences avail
ability of growth-limiting resources that controls establishment success, 
stand development, and long-term forest function. Managers may 
choose a wide range of spacings depending on their objectives and 
resource constraints, underlying a need to understand individual tree 
and stand response to spacing treatments. Our findings indicate that 
spacing has long-term (>40 year) effects on survival and growth where 
wider tree spacings are associated with increased survival, diameter 
growth, and live crown length, and decreased total stand density 
(including ingrowth) and volume. Our results align with other studies in 
this region (Reukema and Smith, 1987, Woodruff et al., 2002, Maguire 
and Mainwaring, 2021, Omari et al., 2021) but, importantly, cover a 
longer time period that is representative of rotation lengths on industrial 
forestlands in the region. These general trends were consistent across the 
three species assessed, although the magnitude and significance of the 
response varied. We explore some of these differences by species and the 
relevance of responses to differing management objectives below.

4.1. Western white pine survival and growth

Of the three species, western white pine had the lowest overall 

relative survival across all spacing treatments. This higher level of 
mortality is related to the occurrence of white pine blister rust which 
infects all five-needle pine species, including western white pine. We did 
not assess the prevalence of blister rust here, but an earlier report 
documented that most mortality up to age 16 was associated with the 
pathogen (Bishaw et al., 2003). Some of the recent mortality in the 
narrow spacing treatments was likely caused by inter-tree competition 
given the high SDI values at those spacings, but we attribute most 
mortality to blister rust in the wider spacings where density-dependent 
mortality is not likely at the stocking levels in those treatments. Earlier 
reports from studies in Idaho have shown that blister rust-resistant stock 
(which was used in this study) can have survival rates of 75–90 % on 
average in stands from ~10–25 years in age (Fins et al., 2001), similar to 
other reports showing survival of 65–90 % in stands 8–14 years in age 
(Snizeko et al., 2012). The lower survival observed here may be asso
ciated with the longer study duration compared to others, differences in 
disease pressure due to the site climate or race of C. ribicola (Geils et al., 
2010), or other mortality agents such as insect or bear damage (Bishaw 
and Harrington 2003). Regardless, it appears that modifying the spacing 
of planted trees during reforestation is not effective to reduce blister rust 
mortality in WWP.

Blister rust has and will continue to hamper WWP reforestation, but 
ongoing breeding programs for the development of blister rust-resistant 
populations create opportunities to establish and maintain this iconic 
species in the western US (Snizeko et al., 2020). Further, WWP is pro
jected to fare well in future climate over most of its range (Loehman 
et al., 2011), highlighting a need for the development of silvicultural 
systems that allow for inclusion of the species in adaptation strategies. 
Given the mortality pressure of blister rust and other agents (e.g., 
mountain pine beetle [Dendroctonous ponderosae]), silvicultural systems 
that promote a mixed species composition with a large component of 
WWP and non-host species may be a good option to maintain WWP 
under future conditions. Our wide spacing treatments developed rela
tively large trees (Fig. 2) that will dominate the canopy, while also 
allowing for establishment of other species and development of vertical 
stand structure (R. Slesak, pers. obs, Supplemental Figure S2). Ingrowth 
across the 4–6-m spacings averaged 115 TPH and was predominately 
Douglas-fir (97 %, with remaining 3 % as WWP). These stand charac
teristics offer multiple trajectories for further development in the future. 
Alternatively, if the desire is to establish an even-aged stand of WWP, 
planting blister rust-resistant stock at higher densities, (i.e., the 2- or 3-m 
treatments) followed by thinning treatments at 30–40 years to remove 
C. ribicola-infected trees could be a viable alternative.

4.2. Noble fir survival and growth

The general trends in survival and growth across spacing treatments 
were not as pronounced and often not significant for NF, likely because 
of the large quantity of ingrowth in NF plots (Table 1). Noble fir crowns 
are narrower than many conifer species, which may have facilitated the 
establishment of ingrowth by allowing more light in the understory. 
Ingrowth was largely comprised of DF and western hemlock (WH), 
which were the dominant species of the stand that existed prior to 
treatment initiation and common tree associations in the region. The site 
is also outside the core habitat range of NF, occurring at a lower 
elevation (~700 m) than what is typical for the species (>900 m, 
Franklin and Dyrness, 1973). These factors likely contributed to the 
large amount of ingrowth and its composition. Ingrowth was similar 
across the spacing treatments (averaging ~540 TPH over the study 
period), which is somewhat surprising given the large differences in 
initial stocking among spacing treatments and similar rates of survival of 
planted seedlings. Examination of the diameter distributions by spacing 
treatment indicates relatively continuous recruitment over the course of 
the study, with the exception of the widest spacings which exhibit a 
bimodal distribution indicative of a two-cohort stand (Supplemental 
Figure S2). In general, the large amount of ingrowth limits any 

Table 1 
Mean live tree density (surviving planted + ingrowth >4 cm DBH) by species 
and spacing treatment at the end of 2021. Means containing different letters 
within a species are significantly different as determined using Tukey’s HSD test 
at an alpha of 0.05.

Live tree density (number per ha, 95 % CI in 
parentheses)

Spacing 
Treatment

Trees 
planted

Western white 
pine

Noble fir Douglas-fir

1-m 10,000 NA NA 1988 (1678, 
2354) a

2-m 2500 1467 (1314, 
1638) a

1609 (1408, 
1839) a

1192 (1038, 
1368) b

3-m 1111 727 (672, 786) 
b

1015 (888, 
1161) b

826 (742, 920) 
c

4-m 625 383 (343, 428) 
c

682 (596, 
779) c

543 (473, 623) 
d

5-m 400 283 (254, 317) 
d

625 (546, 
714) c

419 (365, 481) 
d

6-m 278 288 (258, 322) 
d

574 (499, 
653) c

313 (272, 360) 
e
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conclusions on the effects of initial spacing on NF survival and growth.
Mortality of planted trees was fairly consistent across spacings, 

indicating that density has not reached a point where intraspecific 
competition has increased NF mortality. Stand density indices (e.g., 
Reineke’s SDI; Reineke, 1933) that quantify the relationship between 
stand-level tree size (typically using QMD) and tree density can be used 
to predict the onset of density-dependent mortality (also referred to as 
self-thinning, typically occurring at 55–60 % of maximum SDI, Long 
1985). Woodall and Weiskittel (2021) calculated max SDI for NF as 1300 
TPH and 2047 TPH in the western Cascades and eastern Cascades, 
respectively. The 2-m spacing treatment in our study had an SDI of 1210 
TPH (95 % CI: 734, 1994). Given this, and an assumed onset of 
density-dependent mortality at ~60 % SDI, our site aligns closer to max 

SDI reported for the eastern Cascades (Woodall and Weiskittel, 2021). 
Curtis (2013), reporting 20-yr response of NF to various spacing treat
ments (primarily created by thinning), concluded that NF in the Cas
cades is likely to have 20–25 % higher SDI maximums compared to DF 
(~1470 TPH, see below). Our results align with that conclusion, indi
cating that NF in this region has one of the highest max SDIs reported for 
forests in North America (Dean and Baldwin, 1996).

NF is projected to fare poorly under future climate (Kralicek et al., 
2022, Crookston et al., 2010) because it is a subalpine species with 
limited ability for habitat expansion. However, the species is still 
dominant within its current habitat range and is planted for commercial 
production at higher elevation sites. Given that the study site is at lower 
elevation (higher temperature than typical) than its core habitat, and 

Fig. 2. Mean quadratic mean diameter (QMD) of planted trees for a) western white pine, b) noble fir, and c) Douglas-fir by spacing treatment and measurement 
period. There were significant effects of spacing on QMD in western white pine and Douglas-fir, but no detectable spacing effect in noble fir. Significant differences 
among spacing treatments for each measurement period are shown in Supplemental Tables S2–4.
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climate also warmed during the study period (increase of 0.7 C mean 
annual temperature and 1.1 C mean cold month temperature; compar
ison of 1961–1990 and 1991–2020 time periods; Mahony et al., 2022), 
the results reported here may reflect those expected under future con
ditions as NF habitat becomes more constrained to higher elevations.

4.3. Douglas-fir survival and growth

The effects of tree spacing on survival and growth in Douglas-fir align 
with earlier reports from the study (Harrington et al., 2009, Curtis et al., 
2016) and anticipated changes in those effects with time. Harrington 
et al. (2009) observed density-dependent mortality in the 1-m spacing at 
year 25 when relative stand density index (Reineke, SDI) exceeded 52 % 
of the maximum for Douglas-fir (1470 TPH with QMD of 25 cm; Dean 

and Baldwin, 1996) and predicted similar future responses in the 2-m 
treatment. The observed exponential decrease in survival in the 2-m 
spacing treatment confirms this prediction; mortality in this treatment 
is likely to continue as relative SDI was 56 % during the most recent 
measurement. Note that some of the mortality in narrow spacings 
(1–2 m) was associated with higher incidence of snow and ice damage 
(M. Powers and R. Slesak, pers. obs.), which is an indirect outcome of 
intraspecific competition that has been reported previously (Miller et al., 
2004) arising from increased height:diameter ratios (Priebe et al., 
2018). The lower relative survival in the 3-m treatment relative to the 
6-m treatment is likely also associated with density-dependent mortality 
as the 3-m treatment currently has a relative max SDI of ~50 %. In 
contrast, max SDI in the 4–6 m spacings (SDI% of 44, 37, and 29 for the 
4-, 5-, and 6-m spacings, respectively) indicate that mortality arising 

Fig. 3. Effects of spacing treatments on mean total height and height to live crown at the end of 2021 for a) western white pine, b) noble fir, and c) Douglas-fir. 
Heights estimated from a subset of originally planted trees only (see methods). Treatment means within a species that contain different letters are significantly 
different for the associated height variable. Means without letters indicate there was no main effect of treatment on that variable.
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from inter-tree competition will remain low for some time into the 
future.

Higher individual tree growth (as evidenced by mean QMD) in the 
wider (4–6 m) spacing treatments arose from greater resource avail
ability to a smaller number of trees in those treatments relative to nar
rower (1–3 m) spacing treatments. Similar findings were previously 
reported in this study (Harrington et al., 2009, Curtis et al., 2016) and 
also observed in other spacing studies (Reukema and Smith, 1987, Scott 
et al., 1998, Woodruff et al., 2002). However, earlier reports (this study 
and others) found an opposite trend in total stand volume where nar
rower spacings (1–3 m) had the highest volumes due to limited differ
ence in height among treatments coupled with higher total stand 
densities at narrow spacings. Apparently in this most recent 

measurement, increased mortality in narrow spacings coupled with 
increased growth in wider spacings has evened out differences in total 
volume among treatments (Fig. 4), with the exception of lower volume 
in the 6-m spacing compared to other spacings (Table S3). Further, 
Curtis et al. (2016) showed that merchantable volume (trees >20 cm 
DBH) was greatest in the 4-m spacing treatment at year 33; this effect 
has continued in the most recent measurement where the 4-m spacing 
merchantable volume was ~7 % greater than the 3-m spacing (data not 
shown). Larger trees in the wider spacing treatments may provide 
greater economic benefit and longer live crowns that may impart 
improved resistance to extreme events. Increased diameters in wider 
spacings also contribute to lower height to diameter ratios increasing 
windfirmness (Harrington et al., 2009) and reducing the risk of damage 

Fig. 4. Mean total stand wood volume of planted trees and ingrowth for a) western white pine, b) noble fir, and c) Douglas-fir by spacing treatment and measurement 
period. There were significant effects of spacing on volume in western white pine and Douglas-fir, but no spacing effect in noble fir. Significant differences among 
spacing treatments for each measurement period are shown in Supplemental Tables S3–5.
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during glaze events (Priebe et al., 2018).
The limited effects of spacing treatment on understory cover and 

diversity were surprising, as we expected greater light availability in the 
wider spacings to promote those features. We are unaware of other 
spacing studies that have evaluated understory response to planting 
density. Thinning studies that reduce stand density and crown cover 
have shown mixed results on understory response, likely dependent on 
the magnitude and duration of crown reduction and concurrent changes 
in the understory environment as the overstory eventually returns to 
closed canopy (Lindh and Muir, 2004, Bailey et al., 1998). Given this, 
the limited effects observed here are likely due to similar overstory cover 
across spacings in the most recent measurement (~80 % canopy cover 
across 2–5 m spacings, Table 2), which would mediate understory light 
conditions across treatments. Despite this, it appears that the wider 

spacings are likely to more rapidly develop vertical structure compared 
to the narrow spacings; diameter distributions indicate recruitment of a 
smaller (younger) cohort in the 5–6 m spacings (Supplemental 
Figure S2) which is largely composed of western hemlock and DF with 
minor components of Pacific silver fir, western white pine, and western 
red cedar (data not shown). As with larger tree size at wider spacings, 
this structural development may provide more favorable habitat for 
various wildlife species (Culbert et al., 2013, Hagar, 2007), or improved 
resistance to wildfire (Dunn and Bailey 2016).

4.4. Management implications

Ultimately management objectives combined with resource con
straints will dictate what tree spacing (planting density) is used during 

Fig. 5. Stand Density Index (SDI) by spacing treatment and stand age for a) western white pine, b) noble fir, and c) Douglas-fir. There were significant effects of 
spacing on SDI for each species and stand age.

R.A. Slesak et al.                                                                                                                                                                                                                                Forest Ecology and Management 586 (2025) 122724 

9 



reforestation. When objectives are to maximize economic benefit 
(maximum fiber production or return on investment), a spacing that 
maximizes growth while reducing the need for intermediate (to final 
harvest) treatments would be favorable. In that case, the 4-m spacing 
treatment may be ideal, as it is associated with high volume growth 
(similar to the 3-m spacing which is more typical) while avoiding 
density-dependent mortality observed in 1–3-m spacings during the first 
~40 years of stand development and which is expected to continue into 
the future. This assumes neutral to beneficial effects of wider spacings on 
wood morphological characteristics that influence value, which has 
been shown in some studies (Isaac-Renton et al., 2020) but will vary 
depending on the products being developed (e.g., pulp vs. structural 
lumber vs. bioenergy). However, the more typically used 3-m spacing 
may have greater utility if thinning is planned and /or practical, or if 
managers wish to retain a larger number of trees that allow for more 
silvicultural options over the course of a rotation.

Most public forest management agencies have broad objectives 
focused on maintenance of functional forest ecosystems, and at the same 
time face resource constraints to achieve their objectives. This combi
nation of factors favors planting at wider spacings to avoid a possible 
need for intermediate treatments such as thinning. Based on our results, 
planting at wider spacings will promote the more rapid development of 
larger trees and more complex forest structure, which provides addi
tional benefits including wildlife habitat and increased resistance to 
extreme weather events (wind, drought, and winter storms). Given this, 
wider tree spacings (5- to 6-m) may be ideal to achieve this objective 
with limited resources. There is one important caveat with this state
ment: survival needs to be relatively high to achieve these benefits. For 
this study, both chemical and mechanical vegetation control were 
periodically applied in the first decade to limit early mortality associated 
with competition. A large number of studies in the PNW region have 
shown that vegetation control immediately before or after planting is 
essential for successful establishment (Harrington and Schoenholtz 
2010, Maguire et al., 2009, Yildiz et al., 2011). Control is likely to be 
even more important when planting at low densities, as there are more 
resources and space for competing vegetation to develop. To be suc
cessful, managers planting at wide spacings should carefully evaluate 
the competitive environment at the associated site and plan for pre- or 
post-establishment control of competing vegetation.

The role of site quality cannot be quantified here given that the study 
only occurred on one site of moderate productivity (Curtis et al., 2016), 
but it is an important consideration as noted in other spacing studies 
(Reukema and Smith, 1987, Harrington et al., 2009). Sites of higher 
quality (reflecting greater resource availability) generally accelerate the 
effects of spacing on mortality and tree size (Harrington et al., 2009), 
suggesting that lower quality sites may be more appropriate for wider 
spacings in the absence of vegetation control or planned intermediate 

treatments. At higher quality sites, the necessity of these practices will 
be dependent on the spacing choice, with wider spacings requiring high 
levels of vegetation control and narrower spacings requiring thinning.

5. Conclusion

This study quantified spacing effects over four decades after planting 
for three important conifer species in the Pacific Northwest, providing 
information that is directly relevant to management time scales (i.e., 
rotation length responses). The long duration of these trials has proved 
invaluable in clarifying decadal responses, and continued measurement 
will provide a rare opportunity to quantify the long-term effects of initial 
spacing on stand dynamics. Spacing at time of planting has large and 
long-term effects on individual and stand level growth for each of the 
species in this study. Increased spacing increases individual tree sur
vival, diameter, and live crown length, and decreases overall stand 
volume. In the case of volume for DF, this general pattern is changing as 
density-dependent mortality has increased in narrower spacings to the 
extent that total volume is now similar across treatments (i.e., the 
crossover effect). We expect that these findings will help to inform 
choice of spacing during reforestation across a wide range of manage
ment objectives, resource constraints, and site conditions.
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