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Abstract 
Forest ecosystems provide a variety of services, from climate regulation to biodiversity conservation. Temporary land cover variations such as those related to forest management can contribute to climate change through both biogeochemical (carbon, warming) and biophysical (albedo, cooling) mechanisms. As global rising demand for biomass for energy and materials can contribute to biodiversity losses, there is an evident need for integrated assessments of climate and biodiversity impacts to investigate possible trade-offs and synergies. We explore the integration of impacts on climate change and biodiversity from forest harvest for three case studies based on forest plantations in Norway. We focus on impacts from land disturbance after clear-cutting using three plots of one ha each of homogeneous forest in two ecoregions in Norway involving three different tree species: spruce, pine and birch. We use existing ecoregion specific characterization factors (CFs) to quantify occupation, short-term and long-term transformation impacts of land use on biodiversity loss for five taxonomic groups: mammals, birds, amphibians, reptiles and plants at regional and global level. For climate change impacts, we quantify the contributions of CO2 fluxes and changes in albedo. We estimate CFs for two complementary climate metrics, namely global warming potential (GWP) and global temperature change potential (GTP) for time horizons of 20 and 100 years and quantify impacts in CO2 equivalents. We pursue the integration of impacts on climate and biodiversity from a time perspective: very short (GWP20 and land occupation), medium (GWP100 and land transformation within 100 years) and long (GTP100 and land transformation after 100 years). We find CFs from -0.21 to 1.6 kg CO2-eq./kg CO2 for carbon emissions, and from -0.03 to -1.4 kg CO2-eq./kg CO2 for albedo changes, while net characterized impacts range from -44.8 t CO2-eq./ha (GTP100, spruce) to 93.25 t CO2-eq./ha (GWP20, spruce). Damages to biodiversity range from 4.76*10-13 to 6.24*10-8 global species eq. lost per ton of carbon harvested. Our results reinforce the notion that spatially and temporally explicit analyses are vital when assessing life-cycle impacts from land derived products. We show that the existing set of multiple and complementary indicators for climate change and biodiversity impacts can be integrated into a common framework to better inform about the complex heterogeneities of the forest ecosystem response to disturbances. We argue for a more frequent consideration of integrated impacts on biodiversity and climate change from forestry operations to better highlight possible co-benefits or adverse side-effects of forest management strategies.
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1. Introduction
Anthropogenic greenhouse gas (GHG) emissions are driving increasing trends in annual average surface temperature that are threatening species and ecosystems (Stocker et al., 2013). The energy sector accounts for the majority of these GHG emissions (35%), mainly due to consumption of fossil fuels (Bruckner et al., 2014). Limiting global warming thus requires a large transformation of the energy sector, and the latest assessment report of the United Nation’s Intergovernmental Panel on Climate Change (IPCC) identifies bioenergy as part of the solution for climate change mitigation (IPCC, 2014). Nevertheless, there are growing concerns that an increased demand for biomass from forests for energy production can have adverse effects on a variety of ecosystem services (e.g. water chemistry, soil stability), and especially biodiversity where some species living in forests could decline (Cornwall, 2017). 
[bookmark: bbib0095]Life cycle assessment (LCA) is a commonly used methodology for evaluating the total environmental impacts of products or systems during their entire lifecycle (Hellweg and i Canals, 2014). LCA is frequently used to assess bioenergy production systems, but there are methodological challenges related to the complexity of climate and ecosystem services involved in land-derived products. Terrestrial ecosystems interact with the climate in many different ways (Bonan, 2008). Land use and land cover changes, like those from forestry operations, directly alter the global radiation balance through two mechanisms: biogeochemical effects (the release and absorption of GHGs like CO2) and biophysical effects (such as those from changes in the surface energy budget) (Liu et al., 2011; Myhre et al., 2013a; Schimel et al., 2001; Zhao et al., 2009). Among the biophysical effects, changes in surface albedo are dominating at high latitude or in areas affected by seasonal snow cover (Davin and de Noblet-Ducoudré, 2010). Albedo, which indicates the reflectivity of a surface, varies with the type of land cover and local climate. For instance, in forests it is lower than in open land, especially when covered with snow (Jackson et al., 2008). The biogeochemical and biophysical contributions to the global radiative forcing (RF) from historical land use changes have similar magnitudes but opposite signs (Cherubini et al., 2017; Myhre et al., 2013a). Deforestation causes warming through release of CO2 emissions stocked in the biomass and cooling from increased surface albedo (Bala et al., 2007; Davin and de Noblet-Ducoudré, 2010). On the other hand, afforestation leads to cooling effects on climate due to CO2 sequestration during biomass growth while masking the ground with forest canopy progressively reduces albedo and hence leads to a warming effect (Arora and Montenegro, 2011; Lohila et al., 2010). Land cover changes can have a significant impact on climate also when they are temporary, such as in the case of stand-replacement disturbances in forest management (Cherubini et al., 2012; Luyssaert et al., 2014). Changes in land cover have a third direct effect on the global radiation balance by altering emissions of biogenic organic compounds that rapidly oxidize in the atmosphere generating multiple warming and cooling climate pollutants like ozone and secondary organic aerosols, whose impact can be of the same order of magnitude of surface albedo or carbon fluxes (Arneth et al., 2010; Unger, 2014). These compounds also affect cloud formation patterns and properties, thereby indirectly influencing climate through changes in cloud albedo, but these contributions are still subject to large uncertainties and under continuous refinement (Carslaw et al., 2013). 
Many articles argue for the importance to go beyond a simple carbon accounting framework when assessing the impacts of land activities on climate (Cherubini et al., 2016; Jackson et al., 2008; Zhao and Jackson, 2014). Over the recent years, an increasing number of studies attempted to include biophysical effects in LCA (Caiazzo et al., 2014; Cherubini et al., 2012; Cherubini et al., 2016; Guest et al., 2013a; Guest et al., 2013c; Muñoz et al., 2010). These studies generally conclude that quantification of biophysical and biogeochemical impacts from land cover changes can have large influence on the results, and are highly dependent on local specific factors. Some studies directly compute the response of the global carbon cycle and climate systems and derive emission metrics for forest bioenergy explicitly taking into account carbon and albedo dynamics, thus facilitating a consistent assessment of biogenic and fossil CO2 emissions in LCA (Bright et al., 2012; Cherubini et al., 2012; Cherubini et al., 2016). The latest IPCC Assessment Report applies this approach to quantify climate impacts from forest bioenergy (Bruckner et al., 2014; Smith et al., 2014). 
Whereas GWP100 is the most common option, impacts on climate can be assessed through a variety of indicators, including GTP and the use of multiple time horizons (TH). GWP is the radiative forcing (RF) from a pulse emission at time zero integrated until a chosen TH and divided by the result of an equivalent integration for CO2. GTP represents the impact of an emission pulse on global temperature at the chosen TH, again relative to that of CO2 (Myhre et al., 2013a; Shine et al., 2005). Given the complementary essence of these metrics, the recent guidelines from the Global Warming Task Force of the UNEP/SETAC life-cycle initiative recommends the use in LCA of GWP100 to target shorter-term impacts (using GWP20 in a sensitivity analysis) and GTP100 to assess long-term impacts (Levasseur et al., 2017). 
Land use and land use change are identified as the main global drivers for terrestrial biodiversity loss (Millennium Ecosystem Assessment, 2005). Biodiversity stabilizes ecosystem productivity over time (Hautier et al., 2015; Isbell et al., 2015; Naeem and Li, 1997) and has an intrinsic value for humans. In 2005, 28% of the word’s land surface registered a 20% net reduction in local species richness (Newbold et al., 2016). Productive forest in Norway represents an abundant resource, respectively one quarter of the country’s land area (Statistics Norway, 2016), and it is the main habitat for most species (Henriksen and Hilmo, 2015). At the same time, the pressure from forestry operations accounts for 41% of threatened species in Norway while land-use change is considered to be a serious pressure on 90% of the species classified as threatened (Henriksen and Hilmo, 2015). In addition, almost half of the species (48%) on the Norwegian Red List are forest species (Henriksen and Hilmo, 2015) and 50% of all species in Norway depending on dead wood are on this list (Michelsen, 2008). The recent study from Liang et al. (2016) shows that a 10% loss in tree biodiversity also leads to a 3% loss in forest productivity. In general, previous studies indicate that intensive forest management leads to a reduction in habitat quality for many species (Berg et al., 1994; Paillet et al., 2010) beyond vascular plants. Clear-cut boreal forests have been pointed out as bottlenecks for the survival of biodiversity (Rudolphi and Gustafsson, 2011; Stenbacka et al., 2010; Widenfalk and Weslien, 2009). The largest number of threatened species in forest are specialist species, usually found on dead wood, mainly from large deciduous broad-leaved trees. Most of the Norwegian red-listed species are associated with rich broad-leaved forest (Henriksen and Hilmo, 2015). Fauna has been pointed in previous studies to be sensitive to logging intensity (Bicknell and Peres, 2010; Burivalova et al., 2015).  
Although land use has an essential impact on biodiversity loss, there is no clear consensus on how to assess this in LCA (De Baan et al., 2013; Koellner et al., 2013; Michelsen et al., 2012). During the last years, several studies proposed methodological improvements and computed different biodiversity loss indicators (Chaudhary et al., 2015; Michelsen, 2008; Teixeira et al., 2016). Recently, the UNEP/SETAC life cycle initiative has made preliminary recommendations for a biodiversity loss indicator for terrestrial ecosystems (Milà i Canals et al., 2016), which is based on the method of Chaudhary et al. (2015). The impact from land use on biodiversity depends on the ecoregion and site-specific assessments should always be conducted due to the differences in local species richness and species vulnerability. 
Joint consideration of impacts from land use and land use change such as biodiversity loss, changes in surface albedo and biogenic CO2 fluxes are rare (Jørgensen et al., 2014; Michelsen et al., 2012). Some of the challenges to combine both climate change and biodiversity impacts in a common framework arise from the complex interplay between the different effects and their temporal distribution. For instance, uncurbed biodiversity loss can threaten long-term climate change mitigation efforts due to alterations of ecosystem functions and services, among which biomass production (Cardinale et al., 2012; Newbold et al., 2016) and a loss of intrinsic values. In this study, we select three case studies of bioenergy production from forest biomass in Norway where we simultaneously estimate post-harvest carbon flows, changes in albedo and biodiversity loss impacts. We chose the three main local species of trees, Norwegian spruce, pine and birch. Our aim is to provide an integrated platform to assess in a common framework impacts on climate and biodiversity from land cover disturbances. We apply the recent UNEP/SETAC guidelines (Frischknecht et al., 2016; Frischknecht and Jolliet, 2017) to compute three alternative climate indicators (GWP20, GWP100 and GTP100) and Potential Disappeared Fractions of Global Species (PDF) to quantify impacts on biodiversity for five taxonomic groups (mammals, birds, amphibians, reptiles and plants). We use empirical site-specific data for forest dynamics and integrate the characterized results from the different metrics under a time perspective based on short-, medium, or long-term impacts. 
2. Materials and method
2.1.  Study area
Norway comprises the western part of Scandinavia in Northern Europe. The southern and western parts of the country experience more precipitation and have milder winters than the eastern and northern parts. The total forested area amounts to about 12 million hectares (about 38% of the surface area in Norway), of which more than 7 million hectares are productive forest. The most important tree species are coniferous, mostly Norway spruce (Picea abies) (47%) and Scots pine (Pinus sylvestris) (33%), and deciduous species (mostly Betula pubescens and Betula pendula) (18%). Spruce is mainly located in southern and central regions, pine in the south and coastal areas, while deciduous trees are abundant at higher elevations and northern latitude. 
Our case studies are square plots of one ha of managed stands with assumed homogenous, even aged forests (either spruce, pine or birch). The first plot is in the corresponding Scandinavian and Russian taiga ecoregion (PA0608) (Olson et al., 2001), at 60:35 N 12:00 E, and contains spruce with an approximate harvest age of 100 years. The pine stand is within the Scandinavian Montane Birch forest and grasslands ecoregion (PA1110) at 59:34 N 5:43 E where the average rotation period is 90 years. The birch stand is located in the same ecoregion, PA1110, and has a 70-year harvest age. See Figure S1 in Supplementary Information for the map with the two ecoregions and selected locations. We assume a single clear-cut and stand-replacing event for each case, i.e., there is an immediate replantation of the same tree species. We assume that the stem is harvested and extracted for bioenergy production while the wood residues are left on the forest floor, a common practice in Norwegian forest management (Guest et al., 2013d).
According to IUCN data (IUCN, 2017), in the Scandinavian and Russian taiga ecoregion there are 207 bird species and 53 mammal species while the Scandinavian Montane Birch forest and grasslands ecoregion is the habitat for 178 bird species and 46 mammal species (for more information see Table S1).  
2.2.  Post-harvest carbon dynamics 
Post-harvest carbon (C) flows between forest and atmosphere include dead wood decomposition, C sequestered by growing biomass, C dynamics in the soil and stems harvested for energy production. First, we model the post-harvest net ecosystem productivity (NEP) which represents the rate of change in ecosystem C storage over time (Caspersen et al., 2000). We model the site-specific NEP as the difference between the net primary productivity (NPP) and the heterotrophic respiration (Rh).
NPP is the net amount of C captured by the trees through photosynthesis (Melillo et al., 1993). We retrieve the stem volumes under bark for the selected stands and species of trees from the Norwegian National Forest Inventory, which provides spatial explicit information on tree species relative abundancy, volumes, age, site-class, and distance to forest road of the forest plot with 16 m resolution (Gjertsen and Nilsen, 2012; Tomter, 2010). We gather information on forest plots within a radius of 0.1° around the coordinates specified above. We then filter the forest plots and select only those with high productivity classes and pure forest where 90% of the trees are from the same species (thus, we leave out plots of mixed forest). We then sort average forest volumes as a function of stand age to average a chronosequence of the post-harvest volume re-growth in the different case studies (see Figure S2 in Supplementary Information). We calculate tree biomass components using age-dependent and species-specific biomass expansion factors (BEF) with the method reported by Lehtonen et al. (2004) for spruce and pine. For birch we use a combination of the methods proposed by Ilomäki et al. (2003) for foliage estimation, de Wit et al. (2006) for stump and roots estimation and Lehtonen et al. (2004) for stem, branches and bark estimation (see Table S2 in Supplementary Information). 
We use the semi-empirical parameters of growth increments and BEF to calibrate the biomass growth rate after harvesting with the Schnute function (Schnute, 1981), a growth model frequently used in forestry (Bright et al., 2011; Cherubini et al., 2011b; Guest et al., 2013b). The corresponding function provides the profiles of the net sequestration of atmospheric CO2 in the growing biomass (the NPP), and it is calibrated on the biomass increments of the chronosequence (which includes all tree components). Equations of the growth model are available in the Supplementary information, together with parameters used for the calibration (see Equations S1-S4 and Table S3). We present the normalized growth curves for all tree species in Figure S3 in the Supplementary information.
We model the Rh from the decay of forest residues left on the forest floor after harvest using a statistical reduction (Cherubini et al. (2016)) of the Yasso07 model (Tuomi et al., 2011).  We estimate the decomposition rate of residues using climate-explicit variables such as the mean annual temperature, average annual precipitation, and mean amplitude of average monthly minimum and maximum temperature using the WorldClim database for global climate parameters that are representative of current conditions (interpolation of observed data from 1950) (Hijmans et al., 2005). We divide the wood residues components in fine woody debris (FWD), which includes foliage, small roots with the diameter less than 5 cm and bark, and coarse woody debris (CWD), which includes dead wood, branches, stump and coarse roots with diameters of more than 5 cm. For the FWD we use an exponential decay function and we assume that the fine residues will completely decay on the forest floor within 5 years after harvesting. For the CWD we use a decay function with site-specific parameters (Cherubini et al., 2016) (see Supplementary Information Equation S5 and Table S4). The sum of the CO2 emissions from oxidation of the forest residues provides the Rh flux. 
We estimate post-harvest net CO2 flows by combining NPP and Rh profiles to obtain NEPs (see Supplementary Figure S4), which represent the ecosystem carbon response to the logging event and are the basis for the computation of emission metrics. Positive NEPs denote that the ecosystem is a carbon sink, while negative NEPs indicate that the ecosystem acts as a carbon source. 
We assess the impacts from vegetation dynamics on atmospheric CO2 concentration following harvest using the impulse response function (IRF) method. IRF is a simplified carbon-cycle climate model which considers the interactions of the atmosphere with the ocean and the biosphere (Caldeira and Kasting, 1993). This has been previously used to estimate the fraction of CO2 from bioenergy remaining in the atmosphere (Bright et al., 2012; Cherubini et al., 2012; Cherubini et al., 2016; Cherubini et al., 2011b). We compute the IRFs of bioenergy CO2 emissions after the integration with the global C cycle through a mathematical convolution           (Cherubini et al., 2012) of the specific NEP profiles of each case and the generic IRF for a pulse emission of CO2 to the atmosphere, simulated using a multi-model mean (Joos et al., 2013b). The IRF (available in Supplementary Figure S5) describes the case-specific change in CO2 atmospheric concentration from bioenergy CO2 emissions and the associated site-specific NEP profiles. 
2.3.  Post-harvest albedo dynamics 
Monthly-mean differences in surface albedo from the forested plots and the clear-cut areas are available in Supplementary Figure S6. They are gathered from a site-pair analysis which scans multi-year MODIS albedo retrievals (Schaaf et al., 2002) for adjacent sites (within 11 km) with two contrasting vegetation types (cropland and forest) in southern and coastal Norway (Cherubini et al., 2017). We use albedo differences specific for the transitions of interest in our study: spruce forest to cropland in the south of Norway and pine/birch forest to cropland in the western coastland area. Site-pair analysis is an approach widely used in land surface studies and climate science to isolate vegetation control on surface albedo and mimic the effects of land cover changes following human disturbances (Lee et al., 2011; Vanden Broucke et al., 2015). As the forest regrows, the albedo gradually returns to the pre-harvest level and the associated climate forcing decreases (see Figure S7 in Supplementary Information). We calculate the time evolution of the site-specific albedo change forcing following the harvest disturbance using a simple first-order decay model with the mean lifetime at 1/5 of the rotation period for each species. 
2.4.  Radiative forcing, temperature impacts and emission metrics
We use the radiative forcing (RF) as a common measure for accounting the climate forcing from both carbon fluxes and albedo changes (Betts, 2011). RF describes the perturbation of the earth energy balance at the top of the atmosphere (TOA) under the influence of a climate change mechanism (Knutti and Hegerl, 2008). RF is quantified as the product between the specific IRF for CO2 from bioenergy and CO2 radiative efficiency (defined as the radiative forcing per kg increase in atmospheric burden of the gas), under the common assumption that for sufficiently small emissions and approximately constant background conditions the radiative efficiency can be approximated as time-invariant (Myhre et al., 1998). According to the latest IPCC assessment report, the background atmospheric CO2 concentration is held constant to the average concentration in 2010 (389 ppmv) (Myhre et al., 2013a).
RF from changes in surface albedo are computed according to a simplified 1-layer atmospheric transfer model (Bright et al., 2012; Cherubini et al., 2012), which is found to perform reasonably well when compared with more sophisticated models (Bright and Kvalevåg, 2013). A change in albedo translates into a change in global RF at TOA after combination with the monthly-mean incoming solar radiation at the surface and a global average atmospheric transmittance parameter (see Figure S8 in Supplementary Information). Spatial explicit mean incoming solar radiation per month and latitudinal/longitudinal degree for the locations of the plots is gathered as the 22-year mean of the down welling solar radiation flux at surface level from the NASA Power Project (NASA, 2013). A global average value of 0.854 is assumed for the global atmospheric transmittance parameter (Lenton and Vaughan, 2009). Figure S9 in the Supplementary Information shows the RF profiles per month the first year after harvest for the different case studies. 
The global surface temperature responds to changes in RF on a spectrum of timescales. We use a temperature response function that is the sum of two exponential terms which corresponds to an equilibrium climate sensitivity of 1.06 °C/(W/m2) (or 3.9 °C for CO2 doubling) and is representative of two different timescales (Boucher and Reddy, 2008). The temperature response to a RF pulse, called the Absolute Global Temperature change Potential (AGTP), is then computed via a mathematical convolution between the RF from the different bioenergy cases and the temperature response function. We compute the emission metrics by following the standard protocol from the 5th IPCC Assessment Report (Myhre et al., 2013a). We quantify the absolute global warming potential (AGWP) for both albedo and C for all three cases by integrating the corresponding RFs, which is then used to calculate the GWP metric with a TH of 20 and 100 years (Myhre et al., 2013a). For albedo, the AGWP is the ratio of the time-integrated RF from the albedo change per m2 of harvested area and normalized to the C harvested (in kg biogenic CO2/m2) in the same land area. This will attribute the forcing from albedo to the unit of wood products that is used for bioenergy. In Table S5 from Supplementary Information, we gather the information regarding the carbon yields. The GTP metric (defined in Shine et al. (2005) and computed for bioenergy CO2 emissions as described in Cherubini et al. (2016)) is the ratio between the AGTP of the temperature response to the bioenergy CO2 emission pulse of the specific case study and the AGTP for CO2 at a given TH. For albedo, the temperature impact is again normalized to the amount of carbon harvested to express the impact in terms of product units. 
2.5.  Biodiversity 
We model the land use impacts on biodiversity following the approach recommended in the recently published global guidance report on environmental life cycle impact assessment by UNEP/SETAC (Frischknecht and Jolliet, 2017). We use the regional characterization factors (CFs) from Chaudhary et al. (2015) for land occupation and short-term transformation impacts calculated using the countryside Species-area relationship (SAR) and an average approach. The regional CFs quantify the regional species loss per unit of land use change while the average assessment presented by Chaudhary et al. (2015) is representative for conversion of the natural pristine habitat to the current land use mix. We select the CFs specific to the investigated land use type (intensive forestry) and biomes (11 for tundra and 6 for Boreal forests/taiga) and corresponding to the ecoregions Scandinavian and Russian taiga (PA0608) and Scandinavian Montane Birch forest and grasslands (PA1110) for all five taxonomic groups (mammals, amphibians, birds, reptiles and plants). 
We use the regional CFs for occupation to derive the long-term transformation impacts according to Verones et al. (2016) and using the mean recovery times reported by Chaudhary et al. (2015). Short-term transformation CFs correspond to a period of 100 years, while the long-term ones correspond to the time after 100 years until full recovery. 
We then calculate global CFs for all five taxonomic groups and for all three impacts: occupation, short-term and long-term transformation. We use the vulnerability scores (VS) for mammals, birds, amphibians and reptiles taxa from Chaudhary et al. (2015) while for plants we use the VS reported by Verones et al. (2016). We compute global normalized impacts in Global species eq. lost/t C for occupation and Global species eq. lost*year/t C for the two transformation impacts. The global CFs estimate the global species loss (extinction). The regional CFs capture the loss of species on a local (ecoregion) level, while the global CFs upscale the impacts of the same taxonomic groups to the global level. 
We use the total global species richness (St,world) for each taxonomic group from Wildfinder (2006) and the world average vulnerability scores (VSt,world) reported in Verones et al. (2016) to derive the weighted factors for animal taxa (Wt) and for plants (Wplants). We then compute the taxa-aggregated global potentially disappeared fraction (PDFglobal) for occupation, short-term and long-term transformation following the method from Verones et al. (2016). Finally, we calculate normalized taxa-aggregated global impacts on biodiversity corresponding to each plot from our study for occupation in global PDF/t C and core and long-term transformation impacts in global PDF* year/t C. 
The two different impacts, occupation and transformation, give the time dimension for the biodiversity loss. We assume the occupation period to be very short, i.e. one year, which is the year the forest is intensively harvested. During the time of occupation, the level of biodiversity decreases and no recovery can take place. After that, we assume that a certain recovery is taking place until the next logging event. This is thus referring to the transformation impact. However, the rotation period may be shorter than the recovery time needed for full recovery from a biodiversity perspective and we may thus end up with a permanent impact. Biodiversity recovery time after the abandonment of anthropogenic land use can vary from  approx. 80  years  to approx. 1200 years depending upon the ecosystem, taxa or the prior land use (Curran et al., 2014). The reason why we use both global and regional CFs is that while global CFs describe the irreversible extinction, regional CFs present the local loss of species and thus a local loss of ecosystem functionality. 
3. Results and discussion 
3.1. Climate change impacts
Figure 1 shows the time-depending profiles of the climate change impacts from harvesting one ha of managed forest using two absolute indicators, AGWP and AGTP. The profiles show the impact dynamics from carbon fluxes and the associated impacts from land surface albedo changes. We provide a breakdown on the individual contributions from CO2 and albedo and the net impact for all three trees species.  
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Figure 1: Absolute metrics representing the time-depending profiles of the integrated radiative forcing (AGWP) in W* year/m2/ha and the global average temperature change (AGTP) in K/ha for all three species: spruce (red), pine (green) and birch (blue) for CO2 (solid line), albedo (dashed line) or net impact (dotted line). 
In Figure 1a, the AGWP shows the evolution of the emissions based on the integrated radiative forcing. The cooling contribution from albedo is reducing the impact from CO2 emissions. Spruce has the highest productivity and therefore impacts from carbon are larger than those from pine and birch. In addition to high emissions of CO2 from the harvested materials, the spruce case is also affected by larger emissions from Rh, as forest residues are about 50% of total biomass at harvest (they are about 45% for pine and 40% for birch). For the pine plot (in green), the changes in the albedo are almost offsetting the warming effect of CO2 emissions shortly after harvest and towards longer TH. Spruce has the largest values for albedo and CO2 and the highest net impact both in a short and a medium-term. When comparing only the albedo profiles, birch, which is a deciduous species, has the lowest impact. As it has seasonal defoliation, the albedo change since pre-harvest time is smaller than the other species, which have a larger snow masking effect from the canopy in winter. In the case of the CO2 emission profiles, all species present an increase during the first decades followed by a stabilization of the impacts. AGWP is an indicator based on temporal integration and therefore keeps memory of the forcing in the early years after submission. Because of the temporary essence of the carbon and albedo perturbations (carbon is sequestered again in new vegetation and a nearly carbon neutral balance is achieved over time and albedo returns to the pre-harvest level), the long-term trends of these impacts under integrative metrics tend to stabilize over time.     
Figure 1b presents the AGTP profiles based on the instantaneous global average surface temperature change. In general, the dynamics of the curves for both albedo and CO2 fluxes show large variations in the first 2-3 decades after the harvest event followed by a stabilization towards zero in longer TH. In the short-term, the coniferous species spruce and pine present strong cooling contribution from albedo, while in the case of birch, a deciduous species, the effect is rather small. Spruce has the most sustained perturbations over time. Despite the strong cooling effect of the albedo in the short-term, spruce has the largest net warming impact due to the high contribution from CO2 fluxes. In contrast to AGWP, AGTP is not an integrative metric but an instantaneous indicator, i.e. the impact on temperature is not integrated over time. Thanks to the characteristics of this metric, it is possible to better appreciate the temporary dynamics of the impacts on surface albedo and CO2 from forest bioenergy. Temperature change impacts achieve a maximum (or minimum, in the case of albedo) after a few years and then progressively dissipate over time as the forest re-grows. The temperature perturbation is therefore temporary and reversible within a few decades. In the long-term (after 100 years), temperature changes asymptotically tend to zero. In the time period close to the rotation period of the biomass feedstock, temperature impacts become slightly negative (cooling), and asymptotically approach zero on the negative side of the domain. This is due to complex interactions with the global carbon cycle, mainly the outgassing from the oceans that have originally absorbed excess CO2, as observed and discussed in previous studies (Cao and Caldeira, 2010; Cherubini et al., 2011a). 
Figure 2 presents the CFs (Figure 2a) and the net characterized impacts (Figure 2b) for the three selected indicators and case studies: GWP20 for a short-term, GWP100 for a medium-term and GTP100 for the long-term perspective. GWP is an integrated metric and represents the cumulative impact up to the TH considered (20 or 100 years) while GTP is an instantaneous metric which reflects the instantaneous effect at the specific TH (100 years) without taking into considerations contributions until this point in time. Because GWP100 is numerically similar to GTP40, it can be interpreted as an indicator targeting surface temperature impacts at about four decades after emissions (Allen et al., 2016). Although using the same TH, GWP100 and GTP100 thus greatly differ in terms of timescale of temperature impacts they address. In GWP100, the TH indicates the upper limit until which the radiative forcing is integrated, whereas in GTP100 it indicates the point in time in the future at which temperature impacts are measured. Similarly, GWP20 is numerically equivalent to use GTP with a TH of just a few years. It is thus possible to interpret results with the different metrics using a timescale of temperature impacts that goes from temperature impacts in the very short-term (GWP20), in the medium term (GWP100), and in the long term (GTP100).   
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Figure 2: Climate metrics (upper panel) and net climate impacts (lower panel) for GWP20, GWP100 and GTP100 for the three tree species (spruce, pine and birch). Climate metrics are expressed in kg CO2-eq. /kg CO2 with a breakdown on the individual contribution of carbon and albedo and with the representation of the net impact (red line). Climate impacts are in t CO2-eq./ha. Results for GWP100 of pine are not detectable in the lower panel because individual contributions from carbon and albedo nearly cancel out each other (see upper panel).
For GWP20, metrics for CO2 fluxes are higher than one due to the additional emissions from the decay of the wood residues left on the forest floor. The largest value is for spruce, which has the highest fraction of forest residues at harvest (46 t C/ha), followed by pine (17 t C/ha) and birch (15 t C/ha). Post-harvest forest stands are a source of carbon for the following years after the disturbance because CO2 emissions from Rh exceed carbon sequestration in new trees via NPP. Once the residues have decomposed and NPP increases and becomes positive, the forest ecosystem acts as a net carbon sink. The transition from carbon source to carbon sink usually occurs within the first two or three decades following stand replacement, and largely depends on the amount and decay rate of post-harvest forest residues remaining in the forest to decompose.
In the case of GTP100, the values for CO2 emissions are negative, with the lowest for spruce. This is because the individual AGTP of the carbon responses are negative at TH = 100, as shown and discussed above. Metrics for GWP100 lie in between and follow the same trend, largest for spruce, then pine and birch. In the case of CFs for albedo, pine has the largest values across all three indicators. The net CFs (marked by the red line) indicate high positive values for short TH (GWP20), lower but still positive values for the medium term (GWP100) and negative values for the long TH (GTP100), where contributions from carbon and albedo are both negative. In the case of the pine stand, all three indicators are negative since CFs for albedo are higher than those for carbon.     
Previous studies estimate GWP100 for bioenergy CO2 emissions between 0.34 and 0.62 kg CO2-eq./kg CO2 for slow-growing spruce forest stands with turnover times of 100 years (Bright et al., 2012; Cherubini et al., 2012; Cherubini et al., 2011b; Guest et al., 2013d; Pingoud et al., 2012). Our result for the same species and climate indicator is higher, 0.77 kg CO2-eq./kg CO2. This difference can be attributed to three main reasons: i) the high forest residues ratio at harvest age (52% in our case), ii) the site-specific biomass volume harvested (219 m3/ha) and iii) the local climate conditions, which directly influence the residue decay rate. Nevertheless, our factor is closer to the ones reported by Guest et al. (2013d) for high forest residues fractions and no extraction scenario: 0.7 for 55% forest residues ratio and 0.76 for 60% forest residues fraction. Our CF for GWP20 for spruce is 1.6 kg CO2-eq./kg CO2, very close to the one reported by Guest et al. (2013d) for a 60% forest residue fraction, 1.58 kg CO2-eq./kg CO2. 
Figure 2b shows that the net characterized impacts are very sensitive to the type of indicator. The results for GWP20 (a cumulative metric with a very short TH) are highly sensitive to the type of tree species: the spruce case causes a net warming effect, 38% bigger than the one from birch, while the net impact from pine has a cooling effect. For GWP100, the net effect from harvesting the pine stand is nearly climate neutral (-0.14 t CO2-eq./ha) while spruce is inducing the largest warming effect, 65% higher than the one from birch. The results for GTP100 (an instantaneous indicator) are all indicating negative contributions which means that in the long-term all three harvest events are inducing a net cooling effect.
Using different metrics with different TH for characterizing climate forcing agent yields different results and sometimes even contrasting, e.g. GWP20 and GTP100 for spruce and birch. The climate perturbations following the harvest operations are larger for short TH and decrease with longer THs. This analysis underlines the importance of considering multiple and complementary indicators to better disentangle the complex temporal heterogeneities of the climate system response to land disturbances.
3.2.  Regional and global biodiversity loss 
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Figure 3: Global CFs for biodiversity impacts due to land use associated with the harvesting of 1 ha of forest with a breakdown on occupation, short-term transformation and long-term transformation for all three tree species (spruce, pine, birch) and all 5 taxonomic groups (mammals, birds, amphibians, reptiles, birds and plants)
Figure 3 shows the calculated global CFs for biodiversity impacts due to the land use from harvest operations. Birds are the most affected taxonomic groups across all impact types and ecoregions with the largest CF corresponding to the Scandinavian and Russian taiga ecoregion, whereas the reptiles are the least affected group. In general, our results are in line with those from Chaudhary et al. (2015), where plants and birds are identified as the most vulnerable taxa. 
Figure 3a and Figure 3c show great variation among the global CFs for occupation impacts across all five taxonomic groups. The factors among the taxonomic categories differ by two orders of magnitude. 
Figure 3b and Figure 3d present the global CFs for short-term and long-term transformation impacts. As expected, the long-term transformation CFs are smaller than the ones for the short-term transformation, which has a cut-off at a TH of 100 years. The long-term CF for plants in the Scandinavian and Russian taiga ecoregion is the highest one, likely because species dependent on forest cover continuity, deadwood and large trees are negatively affected by forest management (Paillet et al., 2010). 
CFs for transformation impacts are in general two orders of magnitude higher than the CFs for occupation because of the regeneration times, which for boreal ecoregions are the highest among all ecoregions (Curran et al., 2014). For the ecoregions considered in our study, the regeneration times are on average 732 years for the PA1110 ecoregion and 1122 years for the PA0608 ecoregion. The difference of two orders of magnitude between the occupation and transformation impacts is similar to the average one reported by Chaudhary et al. (2015). 
Bird populations are negatively affected by reduction in tree cavities for nesting and absence of leaf-litter micro fauna in the logged forest (Lammertink, 2004). In addition, since the study case plots are harvested, another reason could be that not allowing the trees to grow to sufficient sizes suitable for nesting (Chaudhary et al., 2016).
The relatively high VS of species cause the difference in regional and global CFs. Table S6 in Supplementary Information shows that the CF rankings change significantly depending upon whether regional or global species loss is considered. 
The global CFs are higher for the ecoregion that is the habitat for more threatened species, namely the Scandinavian and Russian taiga ecoregion (spruce stand). This is in accordance with Henriksen and Hilmo (2015) which indicates that the number of threatened species is higher in the southeaster parts of Norway, where there is a wider variety of rare habitats. The IUCN data indicate as well that the region PA0608 (Scandinavian and Russian taiga) hosts more species than PA1110 (Scandinavian Montane Birch forest and grasslands) and that a higher number of globally threatened species have their habitat here. For example, out of 207 bird species in PA0608, 7 are threatened, while in PA1110 ecoregion, 4 out of 178 bird species are threatened (for more information see Table S1 and Table S7 from Supplementary Information).  
3.3.  Integrated framework and interpretation
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[bookmark: _GoBack]Figure 4: Biodiversity and Climate Change Impacts from harvesting one ha of managed forest grouped by different time-horizons: short-term, medium-term and long-term. Results for climate change are presented in t CO2-eq./t C harvested and for the biodiversity loss in PDF/t C for occupation impacts and in PDF*year/t C for both core and long-term transformation impacts.
Figure 4 shows the integrated results for both biodiversity loss and climate change using three indicators for each impact category grouped in timeframes. We normalized the results for climate change and biodiversity discussed above to the tons of C harvested in the different cases. The short-term perspective indicates the impacts within the first years and groups the results for GWP20 and occupation indicators. The medium-term timeframe includes results for GWP100, which assesses temperature impacts after about 4 decades, and core transformation impacts. The long-term perspective targets the impacts on temperature at 100 years (GTP100) and on biodiversity after 100 years (long-term transformation impacts). 
The general trend indicates for both biodiversity loss and climate change the highest impacts shortly after the logging operations followed by a reduction in intensity towards long-term TH. Results shows some opposing trends in impacts when analysing the individual performance of each tree species across the time perspectives. In the short-term, birch has the largest (warming) climate impact but the lowest biodiversity loss. In the mid-term, harvesting spruce leads to the biggest impacts on both climate and biodiversity. For the long-term, birch has the biggest cooling impact on the climate as well as the lowest impact on the biodiversity loss. In the short and mid-term, the impacts on both climate and biodiversity from harvesting spruce are the most relevant for both categories, which indicates a greater vulnerability of the ecoregion PA0608 in comparison with the PA1110.
In this study, we assume that the wood harvested is used entirely for bioenergy production. Carbon-based climate change impacts would differ if instead of bioenergy production, the harvested wood is used for example as a source for manufacturing material products, or a combined material and energy use. Previous studies indicate that climate change indicators such as GWP20 and GWP100 from the carbon cycle tend to decrease when wood is used as a material product with longer storage periods before being oxidized back to the atmosphere, and as a rule of thumb climate neutrality is achieved when the storage period is equal to half the rotation period (Guest et al., 2013a; Guest et al., 2013c). The wood use is only affecting the indicators for the carbon flows, and not those for biodiversity and albedo, because these impacts starts immediately after the disturbance independently of the utilization pattern of the harvested biomass. 
This analysis is based on simplified scenario for the forest management: the same species which are harvested are immediately replanted. A diversification of  scenarios for forest management can lead to different results regarding impacts on both climate change and biodiversity loss (Michelsen et al., 2012). Radiative forcing impacts and associated metrics are evaluated under a constant background climate and in the absence of potentially important biophysical feedbacks, as defined in (Myhre et al., 2013b). However, future changes in climate can have two contrasting effects on the emission metrics used in our study. On the one hand, carbon metrics may decrease as boreal areas experience more favourable growing conditions (Cherubini et al., 2016). At the same time, future growth in CO2 atmospheric concentrations will increase the fraction of CO2 remaining airborne over time because of saturation in ocean and land carbon stocks (Joos et al., 2013a), and decrease the marginal radiative efficiency of CO2 (Andy and et al., 2011; Caldeira and Kasting, 1993). On the other hand, albedo metrics may decrease owing to expected reduced snowfall, although the majority of the climate forcing from albedo is exerted in the first couple of decades after harvest. These contrasting effects tend to compensate for each other and are found to have small influence on net results (Bright et al., 2014). 
In general, our results support the need for spatially differentiated assessments given the high differences in impacts between the two ecoregions and tree species. Equally important is the temporal perspective, because results are highly sensitive to the time horizon of the selected indicator. In this work, we show that the existing set of indicators available for analysis of climate change and biodiversity impacts can provide the necessary insights to discern the spatial and temporal variability of ecosystem responses. They can also be combined in an integrated framework that allows analysts to spell out the meaning and temporal dimension of different impact categories, thereby facilitating selections of indicators that are spatially and temporally consistent. Grouping indicators for climate change and biodiversity loss according to the temporal scale of the impact is a first step in this direction, and future research, in addition to further improve the resolution and accuracy of the different indicators, can prioritize integrated assessments based on multi-dimensional perspectives. With such an integrated framework, future assessments can identify possible trade-offs between the two impact categories as well as possible win-win situations. 
4. Conclusions
In this study, we explore the possibility to integrate environmental impact assessment of forest disturbances in terms of both climate change and biodiversity loss impacts. We provide results for changes in atmospheric CO2 concentration, surface albedo, regional and global potentially disappeared fraction. We analyse the trends in the results from a time perspective: very short (GWP20 and land occupation), medium (GWP100 and land core transformation) and long (GTP100 and land transformation after 100 years) term. The climate performance is highly dependent on biomass species, local climate variables, TH and the climate metric considered, whereas taxonomic group and TH affect biodiversity impacts. Impacts on both climate change and biodiversity are higher for short TH, and tend to decrease over time. The metric choice can have a large influence on the results.
The impacts calculated for biodiversity are based on current state-of-the-art models. However, uncertainty in these models is still large, for example due to a lack of data availability and non-uniform distribution of data. We therefore support the conclusion of Chaudhary et al. (2015) that the CFs should be regularly updated, as more information (e.g. on sensitivities to different land use types) becomes available.
Our results reinforce the notion that spatially and temporally explicit analysis are vital when assessing life-cycle impacts from land derived products. We conclude that integrated impacts on biodiversity and climate change should be more thoroughly included in the environmental assessments, and interpreted in ways that are spatially and temporally consistent with the meaning of the indicator. Indicators for both climate change and biodiversity impacts are available to serve this purpose, and inform about possible dependencies of the results on biomass species, geographical locations, temporal boundaries and metrics. 
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