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Abstract

1. The value of non-commodity ecosystem services provided by forests is widely
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recognized, but intensive forest management practices are increasing, with un-
certain consequences for a multitude of these services. Quantitative relationships
among biodiversity conservation, timber production and other ecosystem ser-
vices remain poorly understood, especially during the early-successional period of

intensively managed forestlands.

. We manipulated management intensity in regenerating forest plantations to test

the prediction that treatments aimed at maximizing timber production decrease
biodiversity conservation and non-timber services. We measured species richness
of 3 taxonomic groups and 13 proxies for provisioning, cultural and regulating
services within stands randomly assigned to one of the three herbicide application

intensities or an untreated control.

. Herbicides increased allocation of net primary production to crop trees, increas-

ing projected timber volume and revenues at 40- and 60-year harvest ages.
Commonly used herbicide prescriptions reduced culturally valued plants by 71%,
wild-ungulate forage by 41%, avian richness by 20% and pollinator floral resources
by 42%, the latter being associated with 38% fewer pollinator species. However,
agriculturally valued bumblebees, pollination of blueberries, avian-mediated ar-
thropod control, wild ungulate observations and regulation services tied to forest
productivity appeared unaffected by increasing management intensity and timber

production.
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4. Species richness and flora-provided services in young forest plantations exhibited

strong trade-offs with projected timber production, whereas post-treatment veg-
etation regeneration and site-level variation likely maintained a range of other ser-
vices. Although vegetation recovery is important for supporting wildlife and some
ecosystem services on industrial forestlands, it is unlikely that any single prescrip-
tion can optimize both timber and non-timber benefits to society across managed
forest landscapes. Instead, producing different services in discrete portions of the

landscape may be necessary.

. Synthesis and applications. We tested the effects of intensive forest management

via herbicides on ecosystem services and found that biodiversity responses and
services from early-successional vegetation trade-off against timber production.
A number of services appeared to be compatible with timber production, although
no single prescription optimized the full range of services. Stand-level biodiversity
conservation and a variety of services could potentially be provided by treatment

skips and less-intensive management on productive sites, although it is unlikely

KEYWORDS

1 | INTRODUCTION

In recent decades, environmental policies and management have fo-
cused on the importance of ecosystem services—defined as the value
of provisioning, regulating, supporting and cultural benefits that hu-
mans derive from nature (Costanza et al., 2017). Although economic
systems are supported by provisioning services such as food and
fibre, other potential benefits that humans derive from biodiversity
and ecological processes are less well quantified, especially the de-
gree to which they are influenced by commodity production (Bennett
etal.,2009). Indeed, many aspects of biodiversity and natural variability
(e.g. competing vegetation, herbivores, disease, natural disturbances)
may be perceived as ecosystem disservices in production systems due
to concern for adverse effects on the provisioning of goods to society
(Ceausu et al., 2019). Intensive land management practices often aim
to control natural variability to facilitate a steady production of eco-
nomically valuable crop species (Wagner et al., 2006).

A growing body of research indicates that biodiversity pro-
motes ecosystem functioning (Cardinale et al., 2012), and consensus
is emerging that biodiversity loss reduces the efficiency by which
ecosystems produce biomass, store carbon and recycle nutrients
(Felipe-Lucia et al., 2020). Because management can directly or
indirectly alter biodiversity and ecological processes, some eco-
system services may also decline with intensive land uses that aim
to optimize a specific service. Management objectives that focus
on producing a narrow range of ecosystem services may therefore
trade-off against a variety of other ecosystem services (Felipe-Lucia
et al., 2020; Martin-Lopez et al., 2014).

that all services can be optimized without landscape-level planning.

biodiversity conservation, ecosystem services, forest economics, forest management,

herbicides, plantation, timber, trade-offs

Timber production constitutes an economically quantifiable
ecosystem service and, as the global demand for wood products in-
creases, more forestland is predicted to be under high-production
intensive forest management (Food & Agriculture Organization of
the United Nations, 2018). Forest plantations account for only ~7%
of forestland globally yet provide ~33% of legally sourced round-
wood volume to global markets (Barua et al., 2014; Brockerhoff
et al., 2013). Intensively managed plantations in temperate regions
are often characterized by even-aged forest management, via the
application of clear-cut harvest operations, vegetation management
(e.g. herbicides) and dense monospecific tree plantings. These prac-
tices favour the production of high-value timber species by con-
trolling early-successional floristic conditions that would otherwise
impede crop-tree growth and development (Wagner et al., 2006).

A wealth of information is available on the management, pro-
cesses and biodiversity of early-successional forest stages in tem-
perate latitudes, including responses following natural disturbances,
timber harvesting and intensive management (Bormann et al., 2015;
Donato et al.,, 2012; Hagar, 2007; Halpern & Franklin, 1990).
Although numerous studies have investigated vegetation and
taxon-specific responses to herbicide use in silvicultural systems
(Lautenschlager & Sullivan, 2002; McComb et al., 2008; Stoleson
et al., 2011; Wagner et al., 2006), we still know little about the re-
lationships among ecosystem services provided early in succession
under different management scenarios (Kroll et al., 2020). A number
of ecosystem services provided in managed forest landscapes have
also been examined using correlative data collected at broad spa-
tial scales (Felipe-Lucia et al., 2018; Gamfeldt et al., 2013; Nelson
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et al., 2009), or assessed in literature reviews and by expert opin-
ion (Brockerhoff et al., 2013; Kremen & Merenlender, 2018; Paul
et al., 2020). Experimental approaches that manipulate vegetation in
regenerating stands can provide stronger inference on the potential
range of ecosystem services provided as a function of management
intensity (Turner et al., 2013).

Managed forests in the Pacific Northwest region of North
America provide an ideal setting to quantify the effects of intensive
management on ecosystem services. The region contains some of the
most productive forests in the world (Van Tuyl et al., 2005), with ap-
proximately 28% of forest cover being planted timberlands (Oswalt
et al., 2019). Specifically, Oregon leads the national softwood lum-
ber and plywood production, contributing 16% and 28% of the US
production, respectively (Oregon Forest Resources Institute, 2019).

We established a 6-year experiment in the Oregon Coast Range,
USA, that manipulated management intensity via varying degrees
of herbicide application, and quantified 16 ecosystem service and
biodiversity responses with high economic or societal value in the
region (Reid et al., 2005; Table 1). Our objectives were to (a) quan-
tify how management to promote timber growth and revenues in-
fluences a range of ecosystem services and (b) test whether these
ecosystem services exhibit positive relationships or trade-offs with
timber production. We predicted that ecosystem services provided
in young forest plantations would be reduced by the direct effects of
herbicides on vegetation and subsequent indirect effects on taxa at
higher trophic levels. We predicted that such reductions would result
in strong trade-offs with timber production but also expected posi-
tive relationships for responses related to tree growth and removal
of competing vegetation (i.e. standing carbon, litter decomposition;
Devine et al., 2011; Flamenco et al., 2019). Finally, we expected that
intermediate herbicide intensities may be sufficient to initially con-
trol competing vegetation and promote timber production, but low

enough in application to retain non-timber services and biodiversity.

2 | MATERIALS AND METHODS

We conducted our experiment along a 100 km longitudinal gradi-
ent in the northern Oregon Coast Range, USA (Kroll et al., 2017;
Stokely & Betts, 2019; Figure 1). The region is primarily composed
of second- and third-growth stands of native Douglas-fir trees
Pseudotsuga menziesii with approximately 41% managed as private
industrial, 25% as federal reserve and matrix lands, 22% as private
non-industrial and 12% as state forest lands (Spies et al., 2007). The
region is characterized as dissected, low-elevation mountains with
steep slopes, high net primary productivity and well-drained soils
(Spies et al., 2007), with a 100-400 cm precipitation gradient falling
primarily as rain from October through June each year (Daly, 2019).

We established a randomized-complete block experimental de-
sign with 28 harvested stands (ranging from 9 to 19 hain size), clus-
tered into seven distinct study blocks and including an eighth block
for timber and avian surveys (N = 32 stands). Each block contained

four separate forest stands, primarily composed of merchantable

Douglas-fir trees that were harvested using cable and ground-
based clear-felling operations in the fall 2009 to winter 2010. For
each block, we randomly assigned each stand to one of four treat-
ments: intensive, moderate, light and an untreated control, each
receiving the same seasonal timing and chemical application rates
among blocks (Table 2, Appendix S1.1; Kroll et al., 2017). The light
treatment consisted of aerial applications of spring-herbaceous
(2011) and fall woody-broadleaf treatments (2012). The moderate
included aerial applications of a broad-spectrum, site prepara-
tion spray (2010), aerially applied spring herbaceous spray (2011),
and follow-up on-the-ground spot treatments of clump-sprouting
maple where present (2012; 3/8 stands). The intensive treatment
included an aerial site preparation (2010), repeated aerial spring
herbaceous (2011, 2012, 2013) and fall woody-broadleaf treat-
ments (2012, 2014). Moderate treatments reflected the manage-
ment regime commonly applied on private industrial forestlands,
whereas light treatments represented less-intensive management
typical of state forestlands. The control and intensive treatment
represents extremes in vegetation retention and management, re-
spectively, and are beyond operational norms. Each stand was re-
planted in spring 2011 at approximately 1,100 trees/ha with native
nursery-stock Douglas-fir seedlings, the major commercial species

in the region.

2.1 | Florasampling

Within a 225-m? plot, randomly assigned to each stand, we visually
estimated the cover and recorded the presence of inflorescences
for each vascular plant species from 12, 1-m? quadrats (Stokely &
Betts, 2019). We tallied the number of species native to Oregon that
were detected within 225-m? plots, including an average richness
across years and accumulated richness (i.e. average-annual richness
and total species observed, respectively; Appendix S1.2). Pollinator
floral resource abundance was determined by tallying the number of
quadrats with inflorescences present for each species known to be
pollinated by animals, and then summing observations across spe-
cies per plot from 2011 to 2016. To quantify variation in pollination
and subsequent berry production (Benjamin & Winfree, 2014), we
deployed four sentinel highbush blueberry plants Vaccinium corym-
bosum in containers that were fenced to avoid the confounding ef-
fects of ungulate herbivory in spring 2016, using mean wet-weight
berry mass as a measure of pollination services (Appendix S1.3;
Isaacs & Kirk, 2010).

For culturally valued plants, we used information from Von
Hagen et al. (1996) to categorize plants as having value as wild foods,
traditional medicines and economically valuable non-timber forest
products, and summed cover estimates for this group across 2011-
2016 (Appendix S1.2). To estimate forage production for ungulates
hunted as big game, we developed allometric biomass-regression
equations, developed from clipped plots, to estimate the net forage
biomass produced within the 225-m? plots from 2011 to 2016, using
cover and height covariates (Appendix 51.2).
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TABLE 1 Ecosystem service and biodiversity response variables, with relevance for society and ecological functioning, representing
provisioning, regulating, cultural and biodiversity categories. Timber, carbon and revenues were projected to 2051 and 2071 from field data
collected in 2012 and 2015. We refer to ecosystem services provided by non-timber vegetation as flora-provided services and note that
certain services can be included under multiple ecosystem-service categories (e.g. bumblebees as provisioning [agricultural pollination] and

regulating services [maintenance of plant diversity])

Response Proxy

Flora

Native plant richness Native plant conservation

Floral resources Pollen source

Blueberry pollination Pollination services

Culturally valued plants Non-timber forest products

Wild ungulate forage Wild-ungulate conservation

Fauna

Wild ungulate observations Hunting potential

Pollinator richness Pollination potential

Bumblebee counts Crop pollinators

Avian richness Bird conservation

Avian-herbivore control Herbivore control

Productivity

Timber projection Timber provisioning

Revenue projection Timber revenues

Standing carbon projection Carbon storage

Soil carbon stocks Carbon storage

Soil nitrogen concentration Soil nutrition

Litter decomposition Nutrient cycling

2.2 | Faunasampling

To quantify the use of plantations by wild ungulates, we deployed
motion/infrared activated camera traps (Bushnell Trophy Camera,
model 119436; n = 28) within each 225-m? plot and recorded
the average number of photos taken per day (~May to October)
from 2012 to 2015 of individual black-tailed deer Odocoileus

2011-2016

2011-2016

2011-2016

2011-2016

2012-2015

2011-2016

2012-2015

2012, 2015

2012, 2015

2012, 2015

2015-2016

Category Relevance or function
Biodiversity Conservation
organizations, wildlife
Biodiversity/regulating Conservation
organizations,
pollinators
2016 Cultural/regulating Indigenous
communities, foragers,
wildlife, pollination
Cultural Indigenous
communities, foragers,
floral industry
Cultural/biodiversity Hunters, conservation
and hunting
organizations
Cultural/biodiversity Hunters, state
conservation funding
2015 Biodiversity/regulating Plant reproduction and
diversity
2015 Provisioning/regulating Local farmers, berry and
seed crops
Biodiversity Bird watchers,
arthropod control,
seed dispersal
Regulating Top-down pest
regulation
Provisioning Timber industry, state
forests, wood products
Provisioning Timber industry,
economy
Regulating Carbon policies, climate
regulation
2015 Regulating Soil health, climate
regulation
2015 Regulating Productivity, nutrient
cycling
Regulating Decomposition, nutrient

cycling

hemionus columbianus and Roosevelt elk Cervus canadensis roosevelti
(Appendix S1.4).

To estimate pollinator richness, invertebrate pollinators touching
inflorescences within 12, 1 m x 2 m random-stratified plots located
in 2015 were caught via nets or an aspirator during a 10-min period,
dispatched in ethanol, dried, pinned and identified to species level
(Appendix S1.5). We also sampled for agriculturally valued yellow-

faced bumblebees (Bombus vosnesenskii; Rao & Stephen, 2009) using
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3 Oregon. Coast Range
- physiographic proyince

FIGURE 1 Study extent showing the
geographical distribution of experimental
research blocks, with four treatments
within each study block (i.e. three
herbicide treatments and an untreated
control), distributed along a 100 km
north-south gradient in the Coast Range
Physiographic Province, Oregon, USA

TABLE 2 Timeline of experimental

Year Treatment treatments for untreated control (C),

Activity Season (post-harvest) © L M 1 light (L), moderate (M) and intensive (I)

. . herbicide treatments. Chemicals and rates
Clear-cut timber harvest Fall-Spring  2009-2010 (0) X X X X of application are listed in Appendix S1.1.
Site preparation spray Fall 2010 (0) X X Spot treatment of Acer macrophyllum only
Planted at ~1,100 trees/ha Spring 2011 (1) X X X X occurred on 3/8 moderate treatments
Herbaceous spray Spring 2011 (1) X X X stands (i.e. where present)
Herbaceous spray Spring 2012 (2) X
Broadleaf spray Fall 2012 (2) X X
Acer macrophyllum spray Fall 2012 (2) X
Herbaceous spray Spring 2013 (3) X
Broadleaf spray Fall 2014 (4) X

12 blue vane traps per stand; 6 traps were filled with propylene gly-
col and 6 left dry, each deployed with a stratified-random approach
consistent with pollinator richness methods and sampled over three
consecutive sampling rounds from May to August 2015. Yellow-
faced bumblebees were carefully washed of propylene glycol using
hot water, soap and ethanol, then-air dried, pinned for identification
and tallied per stand (Appendix S1.6).

To estimate average-annual and accumulated avian richness, we
randomly established 3, 50-m radius plots within each stand to con-
duct point count surveys from 2011 to 2016 (Ralph et al., 1995). Point
counts included all birds located within the 50-m radius (including
aerial insectivores, but not fly-over individuals) and were sampled
between sunrise and 10 a.m. by separate observers for a 10-min pe-
riod per point count. Each count was conducted four times during the

breeding season and aggregated to obtain a stand-level estimate. We

estimated avian richness in each stand using N-mixture occupancy
modelling approach using the JAGS function in the ‘R21acs’ package
(Kroll et al., 2020; Su & Yajima, 2020; Appendix $1.7). We estimated
the regulating service of avian-mediated herbivore control as the
log-response ratio of herbivorous arthropod abundance within 225-
m? netted bird exclosures, to arthropod abundance within ungulate
exclosures open to birds—collected via sweep nets, restricted area
leaf searches and pitfall traps (detailed sampling methods are given
in Harris et al., 2020 and Appendix 51.8).

2.3 | Forest productivity and regulating services

The year following planting (2012), we tagged and measured planted

seedlings in 18-20, systematically located, 5-m radius plots and
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re-measured height and bole diameters of planted and naturally re-
generating tree species in 2015 (Appendix $1.9). We also measured
the cover of competing vegetation within nested 3-mradius plots. We
modelled timber production for a 40- and 60-year harvest rotation
by combining two regional tree growth models (SMC-ORGANON
and CIPSANON; Hann, 2011 and Mainwaring et al., 2016, respec-
tively). We used economically relevant tree lists and competition
metrics in conjunction with annualized growth equations developed
by the Center for Intensive Planted-forest Silviculture to project tree
growth from 5 to 20 years after planting. The equations accounted
for the effect of competing vegetation and potential tree mortal-
ity and resulting tree lists were transferred to a tree growth model
optimized for plantations in the Pacific Northwest (Hann, 2011),
projected out to 40 and 60 years, common rotation ages for private
industrial and state forestlands, respectively. We include board feet
(bf) as the standard measure of timber volume in the United States; a
conversion factor of 150-175 bf/m® can be used, although variation
in tree growth forms across stands (e.g. taper) may lead to conver-
sion error for stands outside of standard operational treatments (i.e.
trees within untreated controls).

To assess the expected revenue of the harvested trees, we calcu-
lated a common proxy for the willingness to pay for forest land, the
land expectation value (LEV), for two commonly applied discount
rates (4% and 6%). This measure accounts for costs associated with
the stand establishment (e.g. tree stock, herbicide application) and
income and costs associated with future harvest (Appendix S1.10).

We modelled live-tree carbon storage at 40- and 60-year har-
vest rotation ages using growth models described above and
assuming a carbon content of 50% while including non-timber arbo-
rescent hardwood species (Appendix S1.11; Matthews, 1993; Ung
et al., 2008). To measure soil carbon stocks, we collected and pooled
four 625 cm? organic horizon samples and four 0-30 cm mineral
soil cores from each 225-m? plot (Appendix $1.12). We also mea-
sured nitrogen concentrations in the 0-15 cm mineral soil layer to
assess nitrogen leaching potential and effects of herbicide use on
soil nutrient status. To estimate decomposition rates, we deployed 3
litter bags filled with Douglas-fir needles between March and early-
April 2016 and collected bags at approximately 3, 6 and 12 months,
drying the needles at 50°C for 72 hr. We calculated daily decom-
position constants based on changes in dry-weight measurements
(Appendix S1.12).

2.4 | Statistical analyses

To assess how each ecosystem service varied as a function of her-
bicide treatments and projected timber yield, we constructed linear
mixed and generalized linear mixed-effects models, including ‘study
block’ as a random effect (Tables S1 and S2). We also fit mixed-
effects models with a quadratic function to test for threshold rela-
tionships between ecosystem services and timber production, but
did not find evidence that those models described the data better

than non-quadratic models (Table S3). All analyses were performed

in the R statistical program (R Core Team, 2019) using the Imer or
glmer functions in the ‘LMe4’ package (Bates et al., 2015). We in-
cluded herbicide treatment and yield as explanatory variables, re-
spectively, and timber yield was scaled to mean = 0 and SD = 1 to
facilitate model convergence. We used the dispersion_glmer func-
tion in the ‘BLMEco’ package (Korner-Nievergelt et al., 2015) to test for
overdispersion in count responses. We modelled count responses
using a Poisson distribution and a log link when no overdispersion
was evident, and used a negative binomial distribution otherwise.
Goodness-of-fit was assessed through visual examination of plotted
residuals.

We applied a Bayesian framework to calculate 95% credible
intervals (Crl) for all parameter estimates and for model inference
(Korner-Nievergelt et al., 2015). We simulated 10,000 random sam-
ples from the joint posterior distribution of the model parameters
using the sim-function from the ‘arm’ package (Gelman et al., 2007).
We then used the 2.5% and 97.5% quantiles of those simulations as
the lower and upper limit of the 95% Crl, respectively (presented in
parentheses in text).

3 | RESULTS

The effects of increasingly intensive management to promote timber
production were most evident for the species richness of all taxa
sampled, pollinator floral resources, ungulate forage production and
culturally valued plants, while we found little evidence for effects
of herbicide use on blueberry pollination, avian-herbivore control,
ungulate observations and regulating ecosystem services tied to
forest productivity (i.e. soil carbon, nitrogen, litter decomposition).
Untreated controls contributed the most flora-provided services
and biodiversity while projected timber yield and revenues benefit-

ted strongly from management intensification (Figure 2).

3.1 | Direct flora responses

As expected, both accumulated and average-annual species richness
of native plants were strongly reduced by increasingly intensive her-
bicide treatments, resulting in 30.5% (12.3%, 44.9%) fewer species
per year in the light treatment compared to control stands, 49.4%
(34.8%, 60.6%) fewer with moderate and 56.5% (42.8%, 66.4%)
fewer with the intensive treatment (Figure 3a; Tables S1 and S2),
resulting in a negative relationship between native plant species
richness and projected timber yield (Figure 4a). Similarly, pollinator
floral resources were 33.2% (20.7%, 43.6%) lower in the light, 42.1%
(31.3%, 51.4%) lower in the moderate and 56.0% (47.9%, 63.2%)
lower in the intensive treatments compared to the untreated control,
resulting in a trade-off with timber production (Figures 3b and 4b).
The production of pollinator-dependent blueberries did not dif-
fer significantly among herbicide treatments (Figure 3c). However,
culturally valued plants were negatively correlated with timber pro-

jections (Figure 4d) and compared to the control, net cover for these
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plants was reduced by 38.0% (15.1%, 54.4%) for the light treatment
and 71.2% (60.1%, 78.9%) and 71.6% (61.7%, 79.0%) for the moder-
ate and intensive treatments, respectively (Figure 3d). Similarly, the
production of forage for wild ungulates was reduced by all herbicide
treatments, particularly for the intensive treatment (reduction of
64% [39.2%, 90.3%])), resulting in a trade-off with timber production
(Figures 3e and 4e).

3.2 | Indirect fauna responses

Despite a negative effect of herbicide treatments on net forage
production, we did not detect any differences in observations of
wild ungulates, or a significant relationship between ungulate ob-
servations and timber production. On the other hand, species rich-
ness of pollinators was 37.7% (15.4%, 54.2%) and 35.8% (13.1%,
53.4%) lower with moderate and intensive herbicide treatments,
respectively, resulting in a negative relationship with timber yield
(Figures 3g and 4g). Although pollinator species richness was not
affected by the light treatment, only the light treatment reduced
the abundance of agriculturally valuable yellow-faced bumblebees
(63.4% [3.95%, 86.3%] reduction; Figure 3h).

Control stands contained an average of 32 bird species per year

and average-annual avian richness was reduced by 19.8% (3.64%,

FIGURE 2 Radar diagram illustrating
the relativized value of plantations

for providing ecosystem services and
species richness across three herbicide
treatments and an untreated control
(left panels); treatment values were
relativized by maximum and minimum
credibility intervals across treatments
from each model, with plot centers
representing the lower 2.5% credibility
interval. Relative to treated stands,
untreated controls promoted species
richness and flora-provided services (a).
Projected timber volume and expected
revenues were optimized with heavier
treatment intensities, whereas regulating
services were not detectably affected by
management (b; Figure 3). Photos taken in
2016 (5-year post-planting) depicting the
effects of herbicides on early successional
vegetation and crop tree development
across treatments (right panels)

32.8%) in the moderate and 24.9% (9.44%, 37.6%) in the intensive
treatment (Figure 3i). We found a negative relationship between
average-yearly avian species richness and timber yield (Figure 4i), al-
though we did not find evidence that herbicide treatments affected
accumulated avian species richness across years or that a trade-
off with projected timber yield was evident (Tables S1 and S2). We
found evidence that birds controlled the abundance of herbivorous
arthropods (Figure 3j), although the strength of avian-mediated ar-
thropod control was not affected by herbicide treatments, nor did it

vary with projected timber yield.

3.3 | Forest productivity

The majority of our experimental stands, including control and light
treatments, ranged from 55 to 75 thousand board feet for 40-year
projected harvest rotation ages, with much variation in stand-level
species richness and ecosystem service values within that range.
With moderate and intensive herbicide treatments, timber yield pro-
jections for a 40-year rotation age were 19.3% (3.28%, 35.2%) and
22.1% (6.36%, 38.1%) greater than stands not treated with herbi-
cides, respectively (corresponding to an increase of 10.6 x 10° bf/
ha with moderate [1.8, 19.3] and 12.1 x 10° bf/ha with intensive
[3.5, 20.9], respectively; Figure 3k). Similarly, projected revenues
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were approximately 24.1% (6.60%, 40.7%) greater for moderate and
23.3% (6.58%, 40.2%) greater for intensive treatments, relative to
the control at a 6% discount rate. Only at a 60-year harvest rota-
tion age and a lower discount rate (i.e. 4%), did the light herbicide
treatment increase timber production and projected revenues above
the untreated control (19.0% [3.76%, 34.4%] yield gain and 21.1%
[7.46%, 34.8%)] revenue gain; Table S1).

We did not detect effects of management intensification on reg-
ulating services related to forest productivity, and relationships be-
tween timber production versus litter decomposition, soil nitrogen
concentrations and soil carbon stocks were all neutral (Figures 3m-
o and 4k-m). As expected, we found a strong positive relationship
between projected live-tree carbon storage and timber production
(Figure 4n). For both 40- and 60-year stand projections, we did not
detect any treatment effects as carbon storage was highly variable
across stands (Figure 3p).

Hierarchical clustering of a correlation matrix for all services
showed strong grouping of responses, revealing trade-offs, positive
and neutral relationships among ecosystem service and biodiversity
responses (Figure 5). The correlation matrix was consistent with our
timber yield trade-off analyses, also showing a negative relationship
between timber revenues and culturally valued plants, wild-ungulate
forage, native plant species richness, pollinator floral resources, pol-
linator species richness and avian species richness. Positive relation-
ships were also evident among species richness and flora-provided
ecosystem service responses, whereas neutral relationships were

evident between regulating services and all other responses.

4 | DISCUSSION

Our findings indicate that intensive management to promote tim-
ber production and revenues reduces species richness and associ-
ated ecosystem services and these reductions were primarily tied to
the direct effects of herbicide in controlling competing vegetation.
Herbicide-mediated reductions and trade-offs against projected
timber yield were primarily evident for culturally valued plants, wild-
ungulate forage, pollinator floral resources, and species richness of
native plants, pollinators and birds. Regulating and fauna-provided
services were maintained across treatments while flora-provided
services and species richness of all sampled taxa also tended to
be positively associated with each other, consistent with Nelson
et al. (2009).

Our experiment occurred at the scale of entire forest stands, lim-
iting our sample size and likely our ability to detect threshold rela-
tionships between timber production and other ecosystem services.
However, it is important to note that several of our stands were
located on highly productive sites where both timber production
and ecosystem services occurred at high levels, including untreated
control and light treatment stands. Therefore, thresholds may exist
that could serve as ‘efficiency frontiers’ which optimize the produc-
tion of both timber and non-timber services, although intrinsic site-

level productivity and vegetation composition likely mediate such

relationships (Grass et al., 2020; Polasky et al., 2008). Conventional
management practices are generally tailored to site-level vegetation
characteristics (Lautenschlager & Sullivan, 2002) and are potentially
more effective at controlling vegetation than our light and moderate
treatments, which were randomly assigned and used standardized
herbicide mixtures and application rates. We therefore predict that
trade-offs may be more pronounced in non-experimental conditions
but also expect that post-treatment vegetation recovery is a key
mechanism for supporting wildlife and ecosystem services in forest
plantations.

In this study, variation in early successional vegetation influ-
enced herbicide efficacy and post-herbicide vegetation recovery,
which likely ameliorated strong effects of the treatments for some
wildlife and ecosystem services during stand establishment. For
instance, Root et al. (2016) found that declines in moth diversity
with herbicide use were moderated by the gradual regeneration
and heterogeneity of vegetation within stands, and Ellis and Betts
(2011) found that a threshold of 10% woody-broadleaf retention
was sufficient to greatly increase the abundance and diversity of
broadleaf-associated songbirds. Despite initial reductions in forage
production and native vegetation, the post-herbicide retention (i.e.
skips in herbicide treatment) and recovery of vegetation likely at-
tracted broadleaf-associated wildlife (Hagar, 2007), such as wild un-
gulates and songbirds.

Avian-mediated control of herbivorous arthropods was not af-
fected by herbicide treatments, potentially because insectivorous
songbird densities were sufficient to control herbivores, regardless
of management (Boesing et al., 2017; Harris et al., 2020). Harris
et al. (2020) also showed that avian-mediated arthropod control
translated to reduced foliar damage to Douglas-fir, but not im-
proved growth, likely because arthropod pests are not a major lim-
iting factor for Douglas-fir growth in western Oregon (Schowalter
etal., 1991).

The post-herbicide proliferation of herbaceous plants (often
non-native) reported in Stokely et al. (2020) likely supported the
floral resources needed by yellow-faced bumblebees in moderate
and intensive stands (Krimmer et al., 2019). However, the reduction
of native plant species and floral resources appeared to have led to
a reduction in pollinator species richness, which did not necessar-
ily result in reductions to the ecological function of pollination for
blueberries (Isaacs & Kirk, 2010). This is potentially due to the per-
sistence of abundant and functionally important pollinators such as
yellow-faced bumblebees that are common in regenerating Douglas-
fir stands (Rivers & Betts, 2021).

The lack of a treatment effect on regulating services tied to for-
est productivity may have been due to variable environmental and
edaphic conditions that outweighed any detectible herbicide effect.
Also, vegetation differences that affect energy and water budgets may
have not been sufficient to alter decomposition rates among treat-
ments (Edmonds, 1979; Fogel & Cromack, 1977). The lack of differ-
ences in soil nitrogen may have also been due to equivalent nitrogen
uptake by crop trees or increased leaching losses (Devine et al., 2011).

Although we found a positive relationship between timber production
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FIGURE 4 Relationship between timber volume (1,000 board ft) projected at 40 years and species richness and ecosystem services.
Dotted lines indicate no evidence of a relationship between projected timber volume and response variables, whereas red lines indicate a
trade-off and blue lines indicate a positive relationship with projected timber volume. Small dashed lines are 95% credibility intervals and
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and standing carbon stocks, the similarity in projected carbon stor-
age between herbicide treatments and controls likely reflected the
inclusion of carbon from non-timber hardwood trees within untreated
stands (Figure 3p). Longer-term studies are needed to determine
whether intensive vegetation management affects both nutrient cy-
cling and carbon storage at harvest rotation ages (>40 years) and over
successive rotations (Powers et al., 2005).

Herbicide use generally accelerates time to canopy closure in
Douglas-fir plantations, which truncates the early-successional broad-
leaf period (Flamenco et al., 2019). The stand-scale truncation of the
early successional stage may have consequences for biodiversity later
in the rotation (i.e. as early as 12-15 years post-harvest; Harris &
Betts, 2021), which we were unable to measure in our study. Thus,
our findings may not capture the complete effects of herbicide treat-
ments on early-successional biodiversity and associated ecosystem
services, warranting additional research throughout stand succession.
Furthermore, the value of planted forests for providing other ecosys-
tem services we had not measured (e.g. water quality/quantity) is likely
to be pertinent at spatial and temporal scales not addressed in this
study (Segura et al., 2020).

4.1 | Management implications

Despite the high value of timber productionin the region, societal val-

ues for non-timber services and biodiversity have greatly influenced

forest management decisions across private and public forest own-
erships (Nelson et al., 2009; Spies et al., 2007; Winkel, 2014). The
primary objective of many private-industrial forest managers is to
produce revenue via timber production, although societal values for
hunting, recreation, regulating services and non-timber forest prod-
ucts are increasingly recognized (Oswalt et al., 2019).

Our findings suggest that although trade-offs existed among
some ecosystem services, many of the services we measured can
also be maintained in young forest plantations and are compatible
with at least some degree of wood production. Our moderate treat-
ment reflected management commonly applied across >2.5 million
ha of production forests in the region. This prescription mainly re-
duced the value of young plantations for flora-provided services and
species richness, but was highly effective in promoting timber pro-
duction and revenues. Our light treatments reflected less intensive
management more common on state of Oregon forestlands, where
harvests occur over longer rotations (~60 years) and are managed
for multiple services other than timber production. Consistent with
our predictions and common management of state forests, the light
treatment was sufficient to promote timber growth while retaining
floral and faunal diversity, but only in the case of 60-year harvest
rotation ages. In comparison to the heavier two treatments, the light
treatment did not include a site-preparation treatment and mainly
benefitted the conservation of culturally valued plants and species
richness of songbirds and pollinators, although this apparently came

at the cost of yellow-faced bumblebee counts.
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Although untreated control stands provided the greatest value
for early-successional biodiversity conservation overall, state refor-
estation laws require that landowners manage vegetation enough
to release crop trees from competition, with apparent costs to
flora-provided services and native biodiversity. Finally, our intensive
treatment did not have much added benefit for timber growth or
revenue beyond the moderate treatment and tended to result in the
greatest reductions to biodiversity and ecosystem services. It is im-
portant to note that the intensive treatment, due to the high cost of
repeatedly applying herbicides, is not an economically viable option
for most landowners (Kormann et al., 2021).

Overall, we hypothesize that the best stand-level practice to
reduce trade-offs among ecosystem services, biodiversity and tim-
ber is to adjust herbicide prescriptions so that they retain patches
of native vegetation (e.g. spot treatments, non-sprayed strips or
patches) but still suppress enough competing vegetation to facilitate
tree growth. In many regions, mechanical treatments are commonly
used and more likely to retain non-crop tree vegetation than broad-
cast herbicide treatments (Wagner et al., 2006), although associated
costs and feasibility of such treatments in rugged terrain often re-
strict their large-scale application in the Pacific Northwest.

Despite herbicide-induced reductions in plant diversity in har-
vested stands, as these stands recover from initial herbicide treat-
ments, they appear to serve as important foraging habitat for
ungulates, songbirds and some pollinators within managed forested
landscapes. Promoting critical habitat elements for these species
(e.g. retention of native broadleaf and herbaceous vegetation) offers
potential spillover of fauna-provided services to adjacent forests
and agricultural areas (Boesing et al., 2017; Krimmer et al., 2019).

Given the variation in forest ownerships and associated man-
agement objectives throughout the region, no single management
approach is likely to optimize timber production while conserving a
full suite of species and ecosystem services at the stand scale. This
finding serves as justification for examining landscape and regional
zoning approaches for promoting long-term biodiversity conserva-
tion and the maintenance of multiple ecosystem services into the
future (e.g. TRIAD; Betts et al., 2021; Polasky et al., 2008; Seymour
& Hunter, 1999). We encourage future management and research
efforts to quantify and then weigh potential trade-offs among
economic values, biodiversity conservation and a range of non-

commodity ecosystem services.
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