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Forests produce a myriad of ecosystem related benefits known as ecosystem services. Maximizing the
provision of single goods may lead to the overexploitation of ecosystems that negatively affects biodiver-
sity and causes ecosystem degradation. We analyzed the temperate rainforest region of the Pacific North-
west, which offers a multitude of ecosystem services and harbors unique biodiversity, to investigate
linkages and trade-offs between ecosystem services and biodiversity. We mapped nine actual and poten-
tial ecosystem services, grouped into provision, supporting, regulating and cultural ecosystem service
categories, as well as species richness of four taxonomic groups (mammals, birds, trees, and amphibians).
We analyzed linkages and tradeoffs between ecosystem services, their overall diversity, and species rich-
ness as well as different levels of taxon diversity. We also tested if ecosystem service categories, in addi-
tion to climate and land cover parameters, could indicate species richness. We found significant positive
linkages between ecosystem service diversity and species richness of all considered taxa. The provision of
the majority of ecosystem services was higher in areas of high taxon diversity, indicating both positive
relationships and slight trade-offs in maximizing single ecosystem services. In general, ecosystem service
categories were a comparable indicator of species richness as climate. Our findings show that multifunc-
tionality largely coincides with high levels of biodiversity within the study region. Hence, an integrative
ecosystem management approach that incorporates ecosystem services and biodiversity concerns is
needed to both provide diverse ecosystem benefits and conserve biological diversity.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Ecosystem services and biodiversity conservation have become
the two dominant, and potentially conflicting (Bullock et al., 2011;
Marrs et al., 2007; McShane et al., 2011) management aims in
conservation science during the last decades. Ecosystem services
are the numerous benefits people directly or indirectly appropriate
from the functioning of ecological systems and provide the founda-
tions for human well-being (Daily, 1997; Nelson et al., 2009). The
ecosystem services concept combines resource use, ecosystem
management – including adaptation to impacts of driving forces
such as land use and climate change – and the valuation of nature
(Maskell et al., 2013), making it a key concept that bridges social
and ecological systems (Carpenter et al., 2009). Biodiversity is vital
for maintaining ecosystem processes and functioning (Duffy, 2009;
Hector and Bagchi, 2007). Its loss has been shown to cause
ecosystem degradation (Hooper et al., 2012). Hence, biodiversity
is seen as essential requirement for the provisioning of ecosystem
services (Diaz et al., 2006). Here it should be noted that as well as
an instrumental value related to the provision of ecosystem ser-
vices, the conservation of biodiversity is also a normative goal in
its own right (Mace et al., 2012). Biodiversity conservation is there-
fore not solely contingent on the instrumental contribution to hu-
man well-being it may provide.

The increasing number of studies on the functional relation-
ships between biodiversity and ecosystem services reveal mostly
positive patterns (Gamfeldt et al., 2013; Hector and Bagchi, 2007;
Maskell et al., 2013). However, many of these diversity-ecosystem
services studies focus on a single facet of diversity such as one spe-
cies group and a single ecosystem service, such as primary produc-
tivity (Costanza et al., 2007), pest control (Simon et al., 2010) or
agricultural yields (Di Falco and Chavas, 2006). Managing an
ecosystem for a single ecosystem service is potentially problematic
as it may result in trade-offs in terms of associated biodiversity
(Ingram et al., 2012; Ridder, 2008; Rodriguez et al., 2006) and
thereby compromises conservation efforts. The interplay between
the provision of multiple ecosystem services and biodiversity
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represents an important knowledge gap (Geijzendorffer and Roche,
2013; Sircely and Naeem, 2012), potentially limiting our ability to
effectively manage multifunctional landscapes for both ecosystem
services provision and biodiversity conservation.

In this regard, it becomes vital to analyze ecosystems that are
managed for diverse societal needs. Multifunctional ecosystems of-
fer several services simultaneously to satisfy social, cultural, eco-
nomic and environmental demands (O’Farrell et al., 2010). Hence,
a diverse set of ecosystem services needs to be considered when
assessing the relations between biodiversity conservation and eco-
system service provision in multifunctional ecosystems (Chan
et al., 2006; Tallis and Polasky, 2009). This includes services that
cannot be straightforwardly linked to specific ecosystem functions
such as cultural services (Hernandez-Morcillo et al., 2013). Poten-
tial synergies between ecosystem services and biodiversity are ex-
pected, though they might vary across ecosystems and depend on
the specific ecosystem services and aspects of biodiversity taken
into consideration (Mace et al., 2012).

Forests are of immense global importance in delivering a myr-
iad of benefits to humanity (Bonan, 2008; FAO, 2010; Schwenk
et al., 2012). In particular, temperate rainforests represent an eco-
logically complex, unique ecosystem with high biodiversity impor-
tance, subjected to multiple human demands. We analyzed a
region along the Pacific coastline of North America harboring the
world’s largest remaining extents of temperate rainforests
(DellaSala, 2011). While currently offering a broad range of goods
and services such as salmon (Oncorhynchus spp.), timber, water
regulation and recreation, these rainforests are threatened by
climate and land use changes (DellaSala, 2011; Fitzgerald et al.,
2011).

We addressed three key questions to investigate linkages and
trade-offs between ecosystem services and biodiversity across
the temperate rainforest region of the Pacific Northwest: (1) How
is ecosystem service diversity related to species richness across dif-
ferent taxonomic groups? (2) How are ecosystem services and
their diversity linked to different diversity levels of the considered
taxa? (3) In order to untangle the interrelations among the envi-
ronment, ecosystem services and species richness we tested if
the provision of ecosystem services, grouped by the millennium
ecosystem service assessment (MA) categories, alongside environ-
mental variables such as climate and land cover, indicate species
richness. Here, we did not seek to explain the functional relations
between biodiversity and ecosystem services categories. Rather,
we described the patterns (Shmueli, 2010) between the types of
ecosystem services provided, their diversity and biodiversity
across the temperate rainforest region of the Pacific Northwest
and discussed the implications of these patterns for multifunc-
tional landscape management and conservation at a regional scale.

Recent studies focusing on the relationship between ecosystem
services and biodiversity have taken a functional perspective and
mostly considered limited ecosystem service categories such as
provisioning or regulating services (e.g. Balvanera et al., 2006;
Costanza et al., 2007; Schwenk et al., 2012) and single species
groups such as plant species (e.g. Gamfeldt et al., 2013; Maskell
et al., 2013; Tilman et al., 2012). By involving multiple taxa and
multiple ecosystem services including supporting and cultural
services, we aim to identify more comprehensive patterns relating
ecosystem services to biodiversity.

Here we note that the direct quantification of ecosystem ser-
vices is often problematic and that there might be considerable dif-
ferences between the ecosystem services that potentially flow
from a given ecosystem and the actual services that are appropri-
ated at a given point in time. For example, timber harvest is an
indicator for the appropriation of timber but provides limited
information regarding the capacity of a given system to sustainably
provide timber. Similarly it can be argued that benefits received
(i.e. the direct quantification of services) from physically appropri-
ated goods such as timber must be related to how those physical
goods contribute to human well-being (Fischer et al., 2009). Given
the importance of both the actual appropriation and the potential
capacity to supply ecosystem services and the difficulty in directly
and accurately quantifying multiple ecosystem services across
large spatial and temporal extents, we focus on the mapping of
proxy datasets that indicate nine important potential and actual
ecosystem services within the temperate rainforest region of the
Pacific Northwest. The following proxy data for ecosystem services
were modeled: timber harvest, salmon abundance, deer hunting,
net primary productivity, carbon storage in vegetation, organic
matter in soil, forest importance for drinking water supply, land-
scape aesthetics, and park visitation. These proxies for ecosystem
services were grouped into the MA categories of provision, sup-
porting, regulating, and cultural ecosystem services (MA, 2005).
Biodiversity was quantified in terms of spatially explicit species
richness data for higher taxa, including mammals, birds, trees
and amphibians. Diversity metrics were derived for ecosystem ser-
vices and the higher taxa. Subsequently, we computed univariate
models to reveal the patterns between ecosystem service diversity
and species richness. Potential and actual ecosystem services and
their diversity were linked to the higher taxon diversity. Multivar-
iate direct gradient analyses were performed to assess if the MA
ecosystem service categories are able to indicate species richness
in interaction with and untangled from environmental variables
such as climate and land cover.
2. Materials and methods

2.1. Study area

The study area was based on the original coastal temperate
rainforest extent of the Pacific Northwest region (DellaSala, 2011)
that shows an overall high proportion of forest coverage. All US
counties that intersect the original coastal rainforest extent,
including a buffer of 15 km, were incorporated into the study area
of 325,614 km2. This broad extent was chosen to ensure that cli-
mate and land cover gradients are well represented. Due to limited
data availability, coastal rainforest regions located in British
Columbia and Alaska were excluded from our analyses. All metrics
related to species richness, ecosystem services and environmental
data were mapped at a resolution of approximately 8 � 8 km –
3997 grid cells in total. It is important to note that the study extent,
while dominated by forests, encompasses a spatially heteroge-
neous matrix of different land uses that in turn create spatially het-
erogeneous patterns of ecosystem service provision and
biodiversity. The study extent comprised 55% forest, 33% scrub-
and grassland, 7% cultivated areas and 5% developed/urban re-
gions. Public lands in this region are managed under the Northwest
Forest Plan that governs ecosystem management and biodiversity
conservation (DellaSala and Williams, 2006). However, non-federal
landowners frequently focus on timber management as the pri-
mary ecosystem service. ARCGIS 10.1 was used for all geo-process-
ing work.
2.2. Ecosystem service data

The proxy data used refer either to the actual goods or services
people appropriate from nature, known as ‘ecosystem services’, or
to the capacity of the ecosystem to deliver those goods and services
to society, conceptualized here as ‘potential ecosystem services’
(Vira and Adams, 2009). The data were based on physical occur-
rence of actual and potential ecosystem services, rather than the
monetary or non-monetary values associated with those services.
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All data were gathered from publically available datasets, further
processed and linked to spatial data or were readily available in
a spatially explicit format. We compiled GIS-layers indicating the
nine potential and actual ecosystem services, which were also
grouped into MA categories – i.e. provisioning, regulating, support-
ing, and cultural ecosystem services (MA, 2005). Detailed descrip-
tions of the datasets and data sources can be found in the online
appendix (Online appendix, Table A1).

2.2.1. Provisioning services
2.2.1.1. Timber harvest. Timber is one of the most prominent re-
sources derived from forest ecosystems and has been intensively
harvested from temperate rainforests in this region. This layer de-
picts the total volume of timber harvested in 2010 measured in
thousands of board feet. Derived tabular data are based on the
county level.

2.2.1.2. Salmon abundance. Salmon are an important economic and
food resource for the entire coastal rainforest region in North
America and they are the key for trophic dynamics and energy
transfer (DellaSala, 2011). The salmon abundance data are based
on observed (1998–2005) and modeled data at the watershed level
(Pinsky et al., 2009). Watershed based data were normalized and
then converted into gridded data.

2.2.1.3. Deer hunting. Hunting has been taking place for millennia
across the coastal temperate rainforest region of North America
(Schoonmaker et al., 1997). Hence, hunting can be considered as
a traditional source of local food resources. This layer indicates
overall deer hunting successes for 2010 measured in counted deer
kills. Census data are obtained and mapped based on hunting man-
agement units defined by State Departments of Fish & Wildlife.

2.2.2. Supporting services
2.2.2.1. Net primary productivity. The Pacific coastal rainforests be-
long to the most productive ecosystems worldwide (DellaSala,
2011), and primary productivity is a key ecological function from
which many other, directly used, ecosystem services flow. Gridded
information on NPP is derived from NASA’s MODIS satellite data in
a 10 km2 grid cell resolution based on monthly values averaged for
2010 in gC m�2 day�1.

2.2.3. Regulating services
2.2.3.1. Carbon storage in vegetation. The storage of atmospheric
carbon in biomass is essential to climate regulation and climate
change mitigation. The coastal temperate rainforests in North
America show high carbon densities compared to other forest eco-
systems (DellaSala, 2011; Woodbury et al., 2007). Gridded data
show total mean carbon content in vegetation for 1961–1990
and originate from outputs of the MC1 dynamic vegetation model
(Bachelet et al., 2001a,b) in an 8.8 km2 grid cell resolution.

2.2.3.2. Organic matter in soil. Organic matter strongly influences
soil properties such as water retention, erodibility and fertility
(Ontl and Schulte, 2012). Furthermore, soil represents a large car-
bon pool. The sequestration of atmospheric carbon in soil organic
matter contributes to climate change mitigation (Lal, 2004). The
data used indicates the total content of organic matter in soil ex-
pressed as percent by weight of the 2 mm soil fraction at the wa-
tershed level.

2.2.3.3. Forest importance for drinking water supply. Forests are
known to serve as important regulators of drinking water, particu-
larly in this region (DellaSala et al., 2011). This layer combines pre-
cipitation intensity, proportion of forests and population density
per watershed and was derived from the USDA ‘forests to faucets’
dataset (Barnes et al., 2009). We used these data as proxy for water
regulation (Todd and Weidner, 2010).

2.2.4. Cultural services
2.2.4.1. Landscape aesthetics. The possibility to experience land-
scapes that are largely undisturbed by human pressure is usually
accepted as a great benefit that ecological systems may offer in
terms of recreation (Gobster et al., 2007). The compiled dataset
consists of several spatial layers related to infrastructure such as
roads, railroads and settlements, and natural elements such as
lakes, rivers and forests that are undisturbed by human influences.
All layers were weighted according to their naturalness. Terrain
roughness was incorporated as proxy for physical landscape heter-
ogeneity. Each layer was weighted either positively or negatively
except for terrain roughness that was weighted based on three
states, low roughness as negative, medium roughness as neutral
and high roughness as positive. The resulted ’landscape aesthetics’
layer is considered as a potential ecosystem service since the
quantification of the actual cultural values associated with the
landscapes of the study region was beyond the scope of our
analysis.

2.2.4.2. Park visitation. State and national parks represent essential
recreation areas in the US (Daniel et al., 2012), facilitating environ-
mental education and sustainable tourism. We mapped the tabular
park visitation data for 2010 on state and national parks, derived
from the PAD-US protected area database (v. 1.2). Subsequently
spatial data were aggregated on county level since most of the
state parks do not match the working resolution and hence would
not have been visible for the analyses. We used this dataset as
proxy for the provision of space for recreation and cultural
experiences.

All data based on unequally sized areas were normalized based
on area. Thus, every layer refers to equal area units. For further
analyses all potential and actual ecosystem service layers were
transformed to a standardized scale based on their maximum val-
ues (Raudsepp-Hearne et al., 2010). Hence, all ecosystem service
values range between 0 and 1.

2.3. Species data

Spatially explicit species richness data for higher taxa, including
mammals (between 1 and 85 species recorded), birds (88–223 spe-
cies), trees (1–50 species) and amphibians (2–38 species) were ob-
tained as gridded layer from several resources (Online appendix,
Table A2). For tree species, we compiled a richness layer through
aggregating range polygon data (Little, 1978). Selected species
groups represent major parts of the overall species diversity that
exists across the Pacific coastal temperate rainforests and contain
numerous species of economic, cultural and conservation impor-
tance. Reptiles, as a further terrestrial vertebrate group, were not
included into the analyses since they are not well represented,
nor particularly abundant, across the Pacific coastal temperate
rainforests compared to other regions of their occurrence (Böhm
et al., 2013).

2.4. Applied statistical approaches

All statistical analyses were undertaken using R 2.15, includ-
ing the packages ‘raster’ (v. 2.1.12) for handling spatial data,
‘car’ (v. 2.0.16) for building generalized linear models (GLMs),
‘spdep’ (v. 0.5.56) for correcting autocorrelation patterns, ‘vegan’
(v. 2.0.6) to obtain diversity indices and to perform principal
component analyses (PCAs) as well as redundancy analyses
(RDAs).
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2.4.1. Simpson diversity metrics
Diversity metrics were derived by using the Simpson diversity

index for potential and actual ecosystem services (Raudsepp-
Hearne et al., 2010) and higher taxa ranging between 0 (low diver-
sity) and 1 (high diversity). The Simpson index is illustrated by the
following formula:

D ¼ 1�
XR

i¼1

p2i

R is the richness of taxa/ecosystem services and pi is the proportion
of abundances for the ith taxon/ecosystem service.

The Simpson diversity measure takes abundances into account
and equals the probability that two entities taken at random from
the dataset represent the same type (Simpson, 1949). The Simpson
diversity of higher taxonomic groups was used as biodiversity met-
ric that is comparable to the Simpson diversity of ecosystem ser-
vices. A color map was compiled illustrating the degree of spatial
correspondence between the diversity metrics across the study
area.

2.4.2. Univariate linkage modeling: ecosystem service diversity –
species richness

In order to model the relationship between ecosystem service
diversity and species richness, we chose a univariate model ap-
proach using GLMs (Crawley, 2007). Due to the non-normalized
distribution of model residuals, we opted for GLMs with Poisson
error structure. Species richness data were selected as dependent
variables and ecosystem service diversity as independent vari-
able since Poisson-GLMs require real count data. Hence, we fol-
low a descriptive approach rather than explaining the causal
relationship between biodiversity and ecosystem services. GLMs
also included quadratic terms and were reduced based on the
Akaike information criterion (AIC), to avoid overfitting (Sakamoto
et al., 1986). Since model residuals revealed patterns of spatial
autocorrelation, we applied spatial eigenvector filtering to incor-
porate spatial autocorrelation structures (Dray et al., 2006;
Griffith and Peres-Neto, 2006). Spatial eigenvectors are derived
from a neighborhood matrix spanning a distance of 100 km,
which was chosen due to highest spatial autocorrelation values
within that distance. The number of incorporated spatial eigen-
vectors was based on Moran’s I significance values for each
GLM. Eigenvectors were included until they exceeded a signifi-
cant Moran’s I value (p < 0.05).
Fig. 1. Spatial distribution of nine potential and actual ecosystem services as well as th
temperate rainforest region of the Pacific Northwest, USA.
2.4.3. Ordination techniques: ecosystem service categories, land cover
and climate – species richness

A multivariate direct gradient analysis was applied to investi-
gate the proportion of species richness variances captured by po-
tential as well as actual ecosystem services grouped into the MA
categories and environmental variables. Initial analyses of data dis-
tribution and gradient lengths showed that linear models are a cor-
rect general assumption for our data. Hence we used a PCA to
reduce multicollinearity inherent to the climatic parameters ap-
plied and a partially constrained RDA as overall multivariate model
(Legendre and Legendre, 2012) to partition the explained variance
of four different variable groups, such as potential and actual eco-
system services for each MA category, ‘climate’, ‘land cover’ and
‘geography’. Species richness data from the considered taxonomic
groups served as response variables and were subjected to Hellin-
ger transformations as proposed for analyzing heterogeneous com-
munity datasets (Legendre and Gallagher, 2001). Climatic data
were derived by performing a PCA, including 19 BIOCLIM variables
that were obtained as downscaled spatial grids in a 2.5 arc-min
resolution (Hijmans et al., 2005). The PCA scores from the first
two principal components were extracted and subsequently used
as ‘climate’ variable group for the RDAs (Hanspach et al., 2011).
Land cover data were derived from the USGS land use survey
2006 comprising 16 land cover classes, including developed, for-
ested, cultivated, wetland, herbaceous, scrubland and barren land
cover types at a grid cell resolution of 30 meters. The original data-
set was spatially downscaled to match the working resolution. To
account for spatial autocorrelation effects, we defined latitude
and longitude as a further variable group named ‘geography’.
3. Results

3.1. Ecosystem service diversity and species richness

The compiled spatial layers of potential as well as actual ecosys-
tem services, the derived Simpson diversity metrics of the consid-
ered taxa and ecosystem services varied across the study area
(Fig. 1). The diversity of taxa and the diversity of ecosystem ser-
vices were highly correlated, indicated by Spearman’s rho = 0.719
(p < 0.001). Species richness maps for mammals, birds, trees and
amphibians are shown in online appendix (Fig. A1).

Ecosystem service diversity showed significant positive interac-
tions with the richness of mammal, bird, tree, and amphibian
e Simpson diversity of considered taxa and ecosystem services across the coastal



Fig. 2. GLM results for linkages between ecosystem service diversity and mammal, bird, tree, and amphibian richness. Incorporated spatial eigenvectors were kept at mean
level. Light gray areas indicate the 95% confidence intervals of prediction errors (ED = explained deviance).

Fig. 3. Potential and actual ecosystem services for three levels of overall Simpson diversity of considered taxa (low = 0.335–0.514, mid = 0.514–0.573, high = 0.573–0.634).
Grouping maintained equal sample sizes within each level. A Wilcoxon rank sum test was performed to assess the mean differences between Simpson diversity levels
(p < 0.001). P-values were Bonferroni corrected to account for multiple testing.

Fig. 4. (a) Ecosystem service diversity for three levels of overall Simpson diversity of the four considered taxonomic groups (low = 0.335–0.514, mid = 0.514–0.573,
high = 0.573–0.634). Grouping maintained equal sample sizes within each level. A Wilcoxon rank sum test was performed to assess the mean differences between Simpson
diversity levels (p < 0.001). P-values were Bonferroni corrected to account for multiple testing. (b) Spatial correspondence between ecosystem service diversity and diversity
of considered taxa. Mapped pixel colors were assigned based on a RGB color space defined by ecosystem service diversity on the x-axis and diversity of four considered taxa
on the y-axis.
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Fig. 5. Ecosystem service diversity (a) and diversity of considered taxa (b) for three
pooled land cover types: forests, scrub- and grasslands, and cultivated areas.
Developed land cover types were excluded due to minor relevance for the
provisioning of analyzed ecosystem services.
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species (Fig. 2, p < 0.001). Mammal and bird species richness in-
creased linearly with higher ecosystem service diversity (Fig. 2a
and b), tree richness showed a sigmoidal relationship indicating
a saturation effect of tree species richness at the highest levels of
ecosystem service diversity (Fig. 2c). Amphibian richness increased
steeply with elevated ecosystem service diversity (Fig. 2d). The
GLM on mammal richness had the highest model fit expressed as
explained deviance (ED = 0.901), the model that considered
amphibian richness the lowest (ED = 0.763).
Fig. 6. RDA variance partitioning results for species richness including mammals, birds, t
(a) provisioning, (b) supporting, (c) regulating, (d) cultural and (e) all potential and a
Displayed values show captured variances as adjusted R2 for all single (non-overlapping
and the rectangle).
3.2. Ecosystem services and taxon diversity

Higher values of ecosystem services were related to higher lev-
els of the overall Simpson taxon diversity for most of the applied
potential and actual ecosystem services across all MA categories
(Fig. 3). However, salmon abundance, soil organic matter and park
visitation differed from that pattern, indicating trade-offs between
maxima of single ecosystem services and diversity of involved
taxa. No pronounced ecosystem service gradient could be detected
based on a PCA, including all modeled ecosystem services (not
shown). The first two PCA axes together explained 46% of the over-
all variance.

Higher ecosystem service diversity was significantly linked to
elevated taxon diversity (Fig. 4a, p < 0.001). However, less pro-
nounced differences between medium and high levels of taxon
diversity suggested a nonlinear relationship resulting in a satura-
tion effect for ecosystem service diversity in areas of high taxon
diversity. High spatial correspondence between ecosystem service
diversity and the diversity of included taxa was shown within
coastal temperate rainforest regions throughout most of the Pacific
Northwest (Fig. 4b).
3.3. Ecosystem service categories as indicators for species richness

To assess both the distribution of ecosystem service diversity
and the diversity of higher taxa for major land cover types, we
pooled the detailed land cover types into three groups, namely,
‘forests’, ‘scrub- and grasslands’, and ‘cultivated areas’. Highest
diversity values for ecosystem services as well as considered taxa
were significantly higher for forests (Fig. 5a and b, p < 0.05). Groups
differed significantly as assessed through a one-way analysis of
rees and amphibians separately indicated by different ecosystem service categories:
ctual ecosystem services, climate, land cover (circles) and geography (rectangle).
parts of circles and the rectangle) and combined effects (overlapping parts of circles
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variance and a subsequent paired t-test (p < 0.05). P-values were
Bonferroni corrected to account for multiple testing.

Constrained RDAs revealed that ecosystem service categories
significantly indicated species richness in a comparable magnitude
of land cover and climate (Fig. 6, p < 0.001). Among the RDAs that
were fitted with single ecosystem service categories, the RDA with
regulating services showed the lowest model error (Fig. 6c, residu-
als = 0.36) and the one that included cultural services the highest
error (Fig. 6d, residuals = 0.41). The RDA incorporating the entire
set of potential and actual ecosystem services as variable group
showed the lowest model error among all RDAs (Fig. 6e, residu-
als = 0.32). However, for the majority of RDAs the climatic space
was, after geography, the variable group that captured most of
the species richness variances. This reflected both the prevailing
climatic gradient that shapes diversity patterns across the temper-
ate rainforests of the Pacific Northwest and an inherent autocorre-
lation pattern. Focusing on interactions between variable groups
the climate-geography interactions showed the strongest effects
followed by the ecosystem service category–climate interactions.
4. Discussion

4.1. Ecosystem service diversity and species richness

We found broad, positive relationships between ecosystem ser-
vice diversity and species richness. Such a pattern confirms the
findings of Egoh et al. (2009) who illustrated a spatial congruency
between ecosystem services and biological diversity in South Afri-
ca. No trade-offs were observed in our study between ecosystem
service diversity and species richness. Other studies reported both
trade-offs and concordances between ecosystem service hotspots
and biodiversity or its conservation (Chan et al., 2006; Turner
et al., 2007). Our results clearly show that high levels of biodiversity
are found in areas that provide diverse actual and potential ecosys-
tem services across the coastal temperate rainforest region of the
Pacific Northwest. This pattern was also apparent when all consid-
ered taxa were combined to one diversity index, particularly within
the original coastal temperate rainforest boundaries. Though, some
minor areas showed a contrasting pattern of low biodiversity but
high ecosystem service diversity. These scattered areas were mostly
distributed at the inland edges of our study region indicating tran-
sition zones to other ecosystems that might start to harbor different
species inventories not included in our study.

Saturation effects were revealed for tree species and overall tax-
on diversity suggesting that further ecosystem service increases in
regions of highly diverse ecosystem service provision coincide with
marginally higher biodiversity levels. This might relate to redun-
dancies of present species in terms of the necessary ecosystem
functions that are required to maintain considered ecosystem ser-
vices (Duffy, 2009; Hector and Bagchi, 2007). Notwithstanding,
including more services and thus more ecosystem functions would
probably incorporate more biodiversity needed to sustain these
functions (Gamfeldt et al., 2008). Moreover, biodiversity reduces
the vulnerability of ecosystems to disturbances, serving both as a
backup for functional degradation and to ensure diverse and fast
responses to perturbations hence improving overall ecosystem
resilience (Mori et al., 2013).
4.2. Ecosystem services and their diversity for different levels of taxon
diversity

The majority of our results indicate positive relationships be-
tween single ecosystem services included and the overall diversity
of the considered taxa. Similar patterns are found in recent studies
(Balvanera et al., 2006; Schneiders et al., 2012), in particular for
productivity and biodiversity (Gamfeldt et al., 2013; Tilman
et al., 2012) – though Costanza et al. (2007) found a temperature
dependent relationship. The relation between timber harvest and
taxon diversity was most surprising and probably, in part, resulted
from a scale artifact inherent to the data used. It is important to
note here that the established relationships do not imply causality.
Yet, intense forest management is usually considered to have neg-
ative impacts on biodiversity (Bengtsson et al., 2000). The data
used in our study did not include any information on how the for-
ests are managed for timber harvest on a local scale. Hence, it is be-
yond the scope of our analyses to assess the effects of forest
practices on biodiversity patterns.

Despite the largely positive patterns found, a few trade-offs
were noticeable in our results. Salmon abundance, soil organic
matter and park visitation were highest in areas with moderate
levels of taxon diversity. Non-supporting patterns or trade-offs
among ecosystem services are postulated (Bennett et al., 2009)
and reported on a regional (Raudsepp-Hearne et al., 2010), conti-
nental (Haines-Young et al., 2012) and global scale (Naidoo et al.,
2008). Though, in our case, no clear trade-offs among the studied
ecosystem services could be detected.
4.3. Ecosystem service categories as indicators for species richness

Both, ecosystem service diversity and taxon diversity were
highest in forested extents within the study region. Although the
differences among land cover types were only marginal, it suggests
that forests provide conditions most suited for supplying ecosys-
tem services and biodiversity.

Using a multivariate approach, including the nine actual and
potential ecosystem services grouped into MA categories as well
as environmental variables showed that the different MA ecosys-
tem service categories indicated species richness of the four differ-
ent taxa in a comparable magnitude to climate and land cover. The
capability of all ecosystem service categories, in interaction with
climate, to indicate species richness illustrates that a management
focusing on multiple ecosystem-based benefits and the current cli-
matic conditions are synergistic for both ecosystem services and
biodiversity. These findings support the idea that the ecosystem
service approach could be used to monitor and manage biodiver-
sity (Egoh et al., 2009). However, cultural services showed an over-
all weak link, probably due to the most indirect relationship to
richness for instance compared to the considered regulating eco-
system services. Nevertheless, the management of ecosystems
based on providing a diversity of ecosystem services might have
co-benefits in terms of biodiversity conservation.
4.4. Ecosystem service approach and multifunctional ecosystems

Temperate rainforests of the Pacific Northwest simultaneously
offer a multitude of ecosystem-based benefits. We were able to
show that such a multifunctional ecosystem might serve as indica-
tor of biodiversity and its conservation while delivering important
goods and services to society. Our results are restricted to one re-
gion and spatial scale as well as one point in time. Thus, extrapo-
lating these results to other regions featuring different ecosystem
properties and species should be done with considerable caution.
However, high biodiversity levels in multifunctional landscapes
also have been shown before for areas with heterogeneous land
use or agricultural regions (O’Farrell et al., 2010; Schneiders
et al., 2012; Sircely and Naeem, 2012). Managing for multiple
ecosystem services may also create conditions for higher levels of
biodiversity. Given the co-occurrence of biodiversity and diverse
ecosystem service provision, we suggest that biodiversity
conservation should be integrated into the management of
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multifunctional ecosystems and not only take place in areas
explicitly designated for conservation.

4.5. Threats to ecosystem services and biodiversity: land use and
climate change

North America’s temperate rainforests are fragmented by log-
ging, road building, and other human disturbances (DellaSala,
2011). Coinciding biodiversity loss and the degradation of ecosys-
tem functions are expected due to habitat fragmentation and
increasing land use intensity (Foley et al., 2005). However, sustain-
able trajectories of land use changes and restoration efforts have
been positively linked to ecosystem service provision and biodiver-
sity conservation (Nelson et al., 2009; Rey Benayas et al., 2009).

Ecosystem services in this region are threatened by a changing
climate regime and projected vegetation shifts in Western North
America (Wang et al., 2012). Dominant tree species and vegetation
types in our study area are predicted to shift substantially until the
end of the 21st century (Coops and Waring, 2011; Gonzalez et al.,
2010; McKenney et al., 2007), probably detrimentally affecting
both current ecosystem service and biodiversity patterns. Hence,
an adaptive ecosystem management approach is needed to miti-
gate estimated impacts.
5. Conclusions

Our results confirm that multifunctional landscapes, here lar-
gely covered by temperate rainforests, co-occur with high levels
of biodiversity. Thus, the management of ecosystem services
should not substitute, but rather incorporate, biodiversity conser-
vation since the two concepts are interdependently related
through maintaining the functioning of ecosystems on the one
hand and the management for goods and services on the other
hand (Ingram et al., 2012; Mace et al., 2012). Based on our results,
we derive the following management and research recommenda-
tions for the coastal temperate rainforest region across the Pacific
Northwest.

1. The concepts of ecosystem services and biodiversity are not
only linked, they act in concert. Based on our analysis, an inte-
grative approach of ecosystem management that incorporates
both ecosystem services and biodiversity is indeed beneficial
in providing goods and services to society while maintaining
biodiversity. We therefore support the perspective that multi-
functional ecosystems should become a key for sustainable eco-
system management in this region, particularly in a way that
optimizes land-use and strives for compatibility in manage-
ment among different ecosystem services.

2. Our findings generally show that land managers who are inter-
ested in the provisioning of diverse ecosystem services are also
able to maintain biodiversity. For instance, large landscape level
management efforts inherent to the Northwest Forest Plan
(DellaSala and Williams, 2006) represent approaches in which
ecosystem management and biodiversity conservation on pub-
lic lands are capable to produce multiple ecosystem benefits
and, hence, help to maintain multifunctionality.

3. Research at finer spatial scales, incorporating time series data
and information on how local forest management practices
determine possible relationships between timber harvest, other
ecosystem services and biodiversity would be useful for our
study region. Standardized surveys and sampling protocols
are required and data on socio-economical dynamics and eco-
system service valuations should be linked to assess the com-
patibility of (potentially competing) provisioning ecosystem
services at the local and regional scale. Scenario driven analyses
(Carpenter et al., 2006; Nelson et al., 2009) that consider cli-
mate and land-use changes are necessary since they may offer
valuable insights about possible future trajectories of biodiver-
sity and ecosystem service patterns in this region.
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