

  remotesensing-11-00087




remotesensing-11-00087







Remote Sens. 2019, 11(1), 87; doi:10.3390/rs11010087




Article



The Continental Impact of European Forest Conservation Policy and Management on Productivity Stability



Adam Moreno 1,*, Mathias Neumann 2, Phillip M. Mohebalian 3, Christopher Thurnher 2 and Hubert Hasenauer 2[image: Orcid]





1



Universities Space Research Association, NASA Ames Research Center, Moffett Field, CA 94035, USA






2



Institute of Silviculture, University of Natural Resources and Life Sciences, Peter-Jordan-Straße 82, 1190 Vienna, Austria






3



Geographic Standards, Criteria and Quality Branch, Geography Division, U.S. Census Bureau, 4600 Silver Hill Road, Washington, DC 20233, USA









*



Correspondence: adam.moreno@arb.ca.gov; Tel.: +1-916-322-7141







Received: 19 November 2018 / Accepted: 1 January 2019 / Published: 6 January 2019



Abstract

:

The ecological impact of continental scale land-use policies that influence forest management is often difficult to quantify. European forest conservation began in 1909 with a marked increase in designated areas with the inception of Natura 2000 in the early 1990s. It has been shown that increases in European forest mortality may be linked to climate variability. Measuring productivity response to climate variability may be a valid proxy indicating a forest’s ability to bear this disturbance. Net Primary Production (NPP) response to climate variability has also been linked to functional diversity within forests. Using a European specific annual MODIS NPP estimates, we assess the NPP response to climate variability differences between actively managed forests, which experience human interventions and conserved, Protected Area (PA) forests with minimal to no human impact. We found, on the continental scale, little to no differences in NPP response between managed and conserved forests. However, on the regional scale, differences emerge that are driven by the historic forest management practices and the potential speciation of the area. Northern PA forests show the same NPP response to climate variability as their actively managed counter parts. PA forests tend to have less NPP response to climate variability in the South and in older conserved forests. As the time a forest has been designated, as a PA, extends past its typically actively managed rotation length, greater differences begin to emerge between the two management types.
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1. Introduction


Forest Protected Areas (PA) are a dominant policy instrument applied across Europe to prevent the loss of biodiversity and to ensure the supply of ecosystem services for human-wellbeing [1,2]. The European Union’s Habitat and Birds Directives comprise the cornerstone of European Environmental Law [3]. From these directives, the Natura 2000 mandate was established to ensure the provision of ecosystem services and to conserve habitats of various plant and animal species in areas of ecological importance by restricting human disturbances to enhance robustness and diversity [4,5,6]. Natura 2000 is the current driving EU policy instrument regarding PA in Europe. In part, as a result of this mandate, PA now covers around 17% of the land surface area across Europe, providing the region with the distinction of having the largest network of protected forests in the world [1]. Despite the implementation of PA, their effectiveness remains debated within economic, environmental, political, and social arenas [7,8,9]. Forest function monitoring techniques are a critical next-step in advancing conservation science and are instrumental in helping researchers shed light on the interactions between policy interventions and conservation outcomes [10]. Without accurate and timely monitoring of programmatic environmental policies, it is uncertain whether these policies are achieving their objectives.



While conservation and management effects on ecosystems are widely studied on a stand-level in Europe, little is known on the continental scale [11,12,13]. Continental level forest conservation policies, rather than having quantifiable impacts, remain an “issue for an abstract high-level policy debate”; needing large-scale, science-based policy impact assessments [11,14]. The first forests in Europe were set aside for conservation in 1909 and it is still unknown if this long history of conservation has led to forests with increased functional biodiversity that are more resilient and robust then forests that experience human interventions, i.e., their managed counterparts. Additionally, no spatially explicit ecological quantification on the continental scale has been performed to determine if the goals set forth by the International Union for Conservation of Nature within the Natura 2000 framework have been, or are becoming, fulfilled. Further, as climate variability such as drought and temperature stress are projected to increase, it is increasingly important to understand how conservation affects forest resilience and long-term ecological outcomes [15,16].



A forest’s robustness under a climate variability is one measure of a forest’s ability to ensure the provision of ecosystem services. Research has shown that increasing climate variability may lead to increased forest mortality [17]. To ensure the provision of ecosystem services and habitat, it is vital to know if conservation policy is leading to forests that can withstand increases in climate variability. The ecological benefits of PA, compared to managed forests, typically increase over time [18]. Actively managing a forest alters its tree species composition and structure [19,20]. Forests with little to no human intervention fill more ecological niches [21]. Forests with few ecological niches filled demonstrate different ecological responses to inter-annual climate variability than others [22]. Researchers have proposed Net Primary Productivity (NPP) anomalies as an indicator to measure such forest health aspects [17,23]. Applying these principles on a continental scale, we implemented a quasi-experimental design of using remotely sensed data to identify PA forests and actively managed forests that have similar site qualities. In this way, we can assess the two groups spatially and explicitly to test the impact forest PA has on NPP response to climate variability compared to actively managed forests [14,22].




2. Materials and Methods


If PAs were randomly distributed across Europe, our study would have the design of a controlled experiment and PA impact could be easily measured by comparing protected and non-protected forests. The randomness of our sample would ensure protected and managed forests were similar and the only remaining difference between groups was due to the impacts of PA designation. In reality, PA across Europe are more likely to be located in areas of lesser alternative economic land use value [24]. We use forest NPP responses to inter-annual climate variability as a proxy-indicator for forest functional biodiversity. Similar to forest PA designation, forest NPP is non-randomly distributed and are strongly influenced by site and climate characteristics [25]. This non-randomness of PA sites required us to select actively managed forests with similar site characteristics to isolate the climate’s influence on NPP.



Our framework outlines a quasi-experimental design to estimate PA impacts on NPP response to climate variability. We applied k-nearest neighbors to control socioeconomic and climate differences between groups, thus simulating a random sampling design with a control and experimental group. We matched cells one-to-one in our georeferenced dataset from PA and managed forest groups based on variables which otherwise confound our ability to detect PA impacts on functional biodiversity. After matching PA and managed forests, we then attribute the remaining difference between groups as resulting from PA designation (Table A1 and Table A2). PA forests that have little to no human intervention accumulate more deadwood and have higher biological and functional diversity with more filled ecological niches, which should then have quantifiable effects on NPP and its response to climate variability, as compared to their managed counterparts [22,26,27]. Through this mechanism, we were able to estimate the impact of PA has on forest NPP response to inter-annual climate variability.



2.1. Forest Protected Areas: Treatment Applied


We restricted PA forests in Europe to those that were placed into conservation in or before 1995, as specified by the International Union Common for Conservation of Nature (IUCN) Common Database on Designated Areas (CDDA) version 13. Only forests designated as CDDA categories Ia, Ib, and II were included, which are the strictest categories, not allowing for any extraction of timber [28]. To our knowledge, no spatially explicit data set of forest management exists from which we could extract areas that are confirmed to practice active forest management. Therefore, we assumed that every forest not conserved, and not within 5 km to a PA, has experienced some level of active forest management (Figure 1) [29]. Active forest management has been practiced in Europe for centuries, leading to almost every forest not explicitly conserved having some level of human disturbance or impact [29].




2.2. Land Characteristics: Independent Variables


We matched PA and managed forests based on environmental covariates to control for the bias that occurs when PAs are designated in areas of lower alternative land use value. These variables include: Bioregion within Europe [30], forest cover type [31], latitude, average temperature, annual precipitation, incoming shortwave radiation [32], and elevation [33]. For every 1 × 1 km cell in a PA designated forest we matched a managed forest at least 5 km away from a PA forest using our variables and a k-nearest neighbor algorithm. In this way, we create two groups, a PA and a managed group, with very similar site quality and land use value and the same sample size. We did not include socioeconomic variables, such as proximity to roads/cities, because models quantifying these impacts on forest ecophysiology are locally and nationally dependent and require separate socioeconomic modeling [34].




2.3. Average NPP Response to Climate Anomalies: Response Variable


We used NPP between 2000 and 2012 from a Europe focused NPP data set derived from the MODerate Resolution Imaging Spectroradiometer (MODIS) sensor [35] and climate data from a gridded European daily data set over the same period on 0.0083-degree (~1 km2 at the equator) resolution [32]. Evaluating this NPP dataset with National Forest Inventory data [35] and agricultural crop statistics [36] suggested that it is able to represent both absolute NPP values and inter-annual NPP variability. For every grid-cell, we calculated the mean NPP, minimum, and maximum temperatures and precipitation for the time-period 2000–2012 (the long-term means). We calculated the mean annual NPP anomaly relative to the 2000–2012 average for managed and conserved forest in Northern, central, and Southern Europe, as well as all of Europe. We defined anomalies as the difference of each year’s annual NPP or climate variable from the long-term mean. For every anomaly in temperature and precipitation, we averaged all the NPP anomalies for all the cells that ever experienced that climate anomaly. Temperature anomalies were analyzed using the absolute difference in degrees while precipitation is analyzed as percent relative to the long-term mean (Figure A1). We assessed the response on the continental scale and on the regional scale with Northern, Central and Southern European regions (Figure 1). We are studying ecosystem responses to inter-annual variation and not long-term climate change.



Forest management also affects the age of a forest, which in turn affects NPP. We assessed the age class cumulative distribution function in each of our three regions. The age data we used was derived from the largest plot level National Forest Inventory (NFI) data set in Europe, consisting of 261,465 plots extrapolated across Europe [35,37]. Using this NFI data age was spatially extrapolated using remote sensing data and k-means clustering and k-nearest neighbor algorithms. This data represents the same time period analyzed in this study.





3. Results


3.1. PA Impact across Europe


Throughout Europe, we compared NPP response to inter-annual climate variation between PA forests and matched managed forests. When we aggregated estimates across the continent, we found no differences in absolute NPP response to climate anomalies between PA and managed forests (Figure 2 and Figure 3). As the period of our data is about one decade and is on a 1 km2 resolution, it is not possible for us to ensure that conservation in PA forests is actually occurring, but because Natura 2000 has an explicit action item [38] to enforce regulations, we assumed that it is being done as outlined by the CDDA.



Different regions have varying portions of their forests designated as PA and experience different magnitudes of inter-annual climate anomalies. For this reason, we analyzed the relative productivity anomaly by region, which weighs highly and unproductive forests equally (Figure 3). This is because a forest’s relative NPP anomaly compared to its long-term mean allows small changes in unproductive sites to be counted equally to large changes in highly productive sites. In this study, less NPP response to climate variability means more robustness because it implies that climate variability has less impact on forest function. Across Europe, we found that PA designated forests do not exhibit sizable differences in NPP response from their actively managed counterparts (Figure 2). Comparing PA-forests to managed forests after applying a quasi-experimental matching (PSM) design, PA-forests were found to have a 0.14% greater absolute mean NPP response to climate anomalies compared to managed forests, indicating that PA designation has had little to no impact in improving forest robustness against climate variation (Figure 2 and Figure A1). However, this result is still highly influenced by Boreal forests, which comprise the majority of PA forests in Europe (Table A1).




3.2. PA Regional Impacts


We detected significant variation in PA impact on NPP response to climate variation between regions across Europe. We found that, on average, PA forests experienced about a 3% larger responses relative to managed forests for all climate anomalies in the Northern and Central Regions. In these regions, this finding suggests greater or equal robustness to climate anomalies among managed forests as compared to PA forests. In contrast, Southern European PA forests, within the same climate anomaly interval, experienced about 6.5% less response than managed forests. Further, overall NPP was found to be the greatest in the Southern PA forest group out of all forests in this study (Figure 2 and Table A1). Additionally, climate variables impact each region in different ways (Figure 3). Increasing maximum temperature anomalies has a positive impact on NPP in the North, little impact in Central Europe, and a negative impact in the South. Precipitation, however, appears to have a similar impact across regions defined by a step response curve.



The age of a forest also affects forest NPP and robustness; reflecting the management history of a region. For this reason, we quantified the cumulative distribution function of forest age in our three regions (Figure 4) [37]. Forest age tends to increase from South to North. For example, the share of Southern European forests that are younger than 60 years old are 78%, while this share is only 48% in Central Europe and 31% in Northern Europe.



To test whether the length of time a forest has been conserved has an impact we assessed the mean NPP anomaly by year PA was conserved (Figure 5). The general trend indicates that the longer a forest is conserved, the less NPP anomalies are present. Further, on a continental scale this analysis indicates that the greatest impact of conservation begin to show after a forest has been conserved for 60 years or more. This is reflected by the relative flatness after the year 1930 of the NPP anomaly curve with respect to year PA was established. The sharp drop in average NPP anomalies for forests established before 1930 indicates that those forests are more robust to climate variability than the younger ones.





4. Discussion


4.1. Conservation Monitoring and Evaluation


Past evaluation of PA impacts across Europe [39,40] and globally [7,41] have been limited due to difficulties in establishing large-scale datasets on forest-specific biophysical characteristics–which is critical to accurately estimating conservation impacts [42]. The validity of studies that have included forest biophysical characteristics can result in diminished external validity due to the time and costs associated with collecting a statistically representative number of samples across landscapes [43]. Evaluating impacts of policies that influence forest management, traditionally require intensive field data collection [9,44]. The ability to some kind of policy impact via remote sensing methods could provide an inexpensive alternative with increased external validity of larger sample sizes for researchers. The use of remote sensing techniques to measure NPP response to climate variability provides conservation scientists, policy makers and foresters access to previously unavailable baseline data. These methods may have particular relevance to the monitoring of tropical forests where faster annual growth rates often result in a shorter optimum economic rotation period of managed forests when compared to the temperate forests included in this study [45].




4.2. Within the Context of European Conservation


The European Union’s Natura 2000 mandate, along with complimenting global conservation initiatives, such as the Convention on Biological Diversity [10], have been noted as having a clear need for evaluation methods and techniques that reveal the impact of conservation interventions [46,47,48]. This research plays an important role in complimenting the European Commission’s evaluation of conservation progress, currently conducted by their Regulatory Fitness and Performance Programme (REFIT), by providing a third-party analysis using novel methods. Early evaluation of the Natura 2000 has found evidence that many aspects of the program have been successful in meeting international commitments [3]. Our aggregated finding that PA shows little impact to forest NPP response to climate variability on the continental scale (Figure 2 and Table A1), do not contradict these findings, but instead elucidate the importance that time since PA establishment and biodiversity potential has on estimating PA impacts. Our findings show that large-scale remotely sensed quantifiable PA impacts on forest NPP response to climate variability are linked to the historic rotation lengths of the region, largely determined by growth rates, and the potential biodiversity that fill productivity niches and may be lost through forest management. The impact of PA across Europe, which have been established relatively recently, with respect to the age of forests, may not be fully understood until far into the future; especially in regions with slower rates of vegetative growth and relatively few flora species, such as in the boreal zone.




4.3. Regional Differences in PA Impacts


Varying response patterns emerge when relative NPP anomalies are analyzed at the regional level (Figure 2 and Figure 3). In each region, NPP increases with an increasing minimum temperature anomaly (Figure 3). Interestingly, Northern Europe is no more responsive to minimum temperature anomalies between ±1 °C than other climate variables, indicating that productivity in these forests are not primarily driven by growing season length. In fact, the minimum temperature anomalies must be relatively high before a benefit can be detected. In Central Europe, the minimum temperature response demonstrates that NPP is strongly limited by growing season length. Southern Europe is limited by both precipitation and maximum temperatures and experiences the most inter-annual variation in productivity response compared to the other regions (Table A1 and Table A2). Central and Southern Europe have negative responses to rising maximum temperatures, while Northern Europe has a positive response. This indicates that, during the growing season, Northern forests may be limited by low maximum temperatures, while other regions may respond negatively to factors driven by maximum temperatures such as vapor pressure deficit, respiration rates, or soil moisture. Central Europe has little response to precipitation until ±25%, indicating that Central European forests are relatively robust to drought. It is interesting to note that the regional curves of response to precipitation appear to be the same step response function with different overshoot values, indicating that all forests respond to precipitation in the same way, except for differences in some damping mechanisms in the system (Figure 3).



It is important to recognize the differences in patterns between regions to acknowledge that each will react differently to inter-annual climate variation, regardless of management type. For example, management in Central Europe will have little effect on response to drought because little overall response to precipitation exists. Where little response to variation is shown, little difference between management and PA exists.



We, however, found significant differences in the impacts of PA to NPP response to climate variability between Northern, Central, and Southern European Regions (Figure 2). These differences are a result of historic forest management practices and biodiversity potential of the region. The greatest difference in NPP response to climate variability between managed and PA forests is in the Southern Region, which has the shortest rotation lengths and greatest biodiversity potential in Europe [49,50]. Southern PA forests not only have the lowest NPP response to climate variation, but also have the highest NPP out of any other group in this study with 718 gC/m2/yr (Figure 2 and Figure 3, Table A1). This may indicate that traditional coppice forest management, prevalent in the South, underutilizes the potential productivity in their forests. Previous studies have shown that an increase in filled ecological niches may beneficially impact forest productivity [21,51].



Northern forests typically have rotation lengths of 65–110 years, while Southern forests contain a large portion of coppice forest, which can have rotation lengths as short as two years [52,53]. Rotation lengths dictate forest age and the average age of forests gets older from South to North [37] (Figure 4). Differences between managed and PA forests begin to emerge as the time that a forest is conserved surpasses the common rotation length of its region. Once a forest is older than the common rotation length of the region, PA forests will enter a successional stage that managed forests will not reach leading to different NPP dynamics. This fact, combined with the fact that rotation lengths grow longer from South to North, leads to a logical observation that impacts from PA on NPP response will be more quantifiable in the south as opposed to the north. It is for this reason that on the continental scale, which is primarily influenced by boreal forests because they have the most PA in Europe, the impact of PA is negligible for forests conserved less than 65 years (Figure 5). The average time a forest has been designated as PA in our study is 23 years, further supporting the observation that most impacts from PA policies in Europe are demonstrated in the South, even though no differences are detectible on the continental scale. Climate conditions from North to South also, generally, mean that a greater biodiversity and tree species richness is achievable in the South leading to a greater potential quantifiable magnitude of difference between managed and PA forests [49]. Taken to an extreme is, for example, if only one functional group could exist in a region then PA could not increase the biodiversity over a managed forest, thus not filling additional ecological niches, and so could not create a more stable system under a varying climate. We also found higher levels of NPP in PA forest established before 1950 with a mean NPP of 449 gC/m2/yr. Whereas, those conserved after 1950 have a mean NPP of 386 gC/m2/yr further leading to the conclusion that the more time a forest is in PA, the greater benefit will be quantifiable on large scales.





5. Conclusions


We conclude that not enough time has elapsed to quantify large-scale effects of conservation policy and forest management over all PA forests throughout Europe. In addition, until conserved forests are older than rotation lengths for their forest type, European forest management, especially in central and Northern Europe, maintains robustness levels that are potentially equal those of conserved forests. This does not imply that forest conservation does not have an effect on robustness because when forests are evenly weighted and split into regional groups, differences between managed and PA forests emerge. Indeed, forests with the highest productivity are southern PA forests (Figure 2, Table A1). This is not to say that these forests have the greatest productivity in all of Europe. Southern PA forests have the highest productivity of forests that have the same site quality as forests of equal alternative economic land use value to European PA forests. The differences between managed and PA increase from north to south, which follows historic forest management and the potential biodiversity of the region. Differences between managed and PA forests are beginning to appear in the South and older conserved forests indicating that with time differences may begin to emerge in all regions of Europe. Policies and management decisions could be made to hasten this progress. For example, restoration and planting efforts could more quickly increase tree species diversity, which can take decades to change if forests are surrounded by managed forests and not within diverse species’ parent tree seed dispersal distances.



Though uncertainty is low in the results, this is primarily driven by the large number of data points. MODIS NPP, climate data, and forest age information all have uncertainty and error associated with them. As an aggregate, the results of this study have relatively low uncertainty. However, on the local scale uncertainty increases. It is for this reason that we present our results on regional to continental scales.



The lack of large differences between managed and conserved forests is not only driven by ecophysiology and management but also by policy and regulation enforcement. One could speculate that the IUCN categories were not strictly followed or that our assumption that un-conserved forests are managed is imperfect. Both obscure conservation enforcement and abandoned management on productive forest may lead to little difference between managed and PA forests, yet verifying this is out of the scope of this study. Further large-scale research is needed to ensure regulation and management is being implemented as designed.



NPP response to climate variability could also be used as an indicator of functional biodiversity. As more functional groups establish within a forest more ecological niches are filled. As climate varies from year to year as one niche’s NPP diminishes another niche’s NPP may thrive, thereby keeping NPP at near steady state. In this way less NPP response to climate variability may indicate increased biodiversity. This indicates that, with further research, this method may be used as a proxy measure for functional biodiversity.



Concerted forest conservation policies throughout Europe are still in their infancy with respect to the age of forests. However, as these forests mature the differences in their response to climate anomalies between managed and PA forests, and thus in their functional diversity, will begin to widen. Continuous large scale monitoring, such as that shown here, could assist in assessing the efficacy of continental scale policy decisions.
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Appendix A


On the European scale, forests experienced few NPP anomalies up to ±1 °C and ±25% precipitation (Figure A1). Only 16%, 14%, and 14% of all climate anomalies are outside of these ranges for minimum and maximum temperatures and precipitation respectively. Annual NPP increases with higher anomalies in all climate factors. Less than 0.5% of the absolute mean NPP anomaly separates managed and conserved forest’s response to all climate anomalies (Table A1). Differences between managed and PA forests arise towards higher climate anomaly values with conserved forests experiencing less response than managed except regarding maximum temperatures. However, only 2%, 1%, and 2% of events are greater than ±2 °C in minimum and maximum temperatures and ±50% of precipitation respectively.
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Figure A1. Absolute NPP anomalies versus minimum temperature, maximum temperature, and precipitation for conserved and managed forests in Europe. The blue and pink shading is the 95% confidence intervals for PA and managed forests respectively. Moving median of 10 climate anomalies. 






Figure A1. Absolute NPP anomalies versus minimum temperature, maximum temperature, and precipitation for conserved and managed forests in Europe. The blue and pink shading is the 95% confidence intervals for PA and managed forests respectively. Moving median of 10 climate anomalies.
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Table A1. NPP and NPP response to climate anomalies for Northern, Central, Southern and All of Europe. Both managed and conserved (PA) groups are considered. N is the number of samples, % Ann is the average relative response to climate anomalies as a percent of the long-term mean, STD is the standard deviation of the % Ann, NPP is the average annual NPP from 2000–2012.






Table A1. NPP and NPP response to climate anomalies for Northern, Central, Southern and All of Europe. Both managed and conserved (PA) groups are considered. N is the number of samples, % Ann is the average relative response to climate anomalies as a percent of the long-term mean, STD is the standard deviation of the % Ann, NPP is the average annual NPP from 2000–2012.





	

	

	
Managed

	
Conserved




	
N

	
% Ann.

	
STD

	
NPP

	
% Ann.

	
STD

	
NPP






	
Northern

	
816,023

	
7.45

	
10.05

	
346.00

	
7.66

	
10.39

	
334.51




	
Central

	
326,209

	
6.38

	
8.94

	
630.65

	
6.45

	
9.55

	
629.00




	
Southern

	
80,652

	
15.72

	
21.67

	
617.35

	
14.70

	
22.93

	
716.72




	
All

	
1,222,897

	
7.69

	
10.94

	
439.94

	
7.83

	
11.45

	
438.27
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Table A2. Sensitivity Analysis and quantification of confounding of matching procedure for several variables that influence economic value or site conditions of a forest site. N is the number of samples, mean is the mean of that variable, STD is the standard deviation, and Variance, Skewness and Kurtosis are the three moments of the distribution.






Table A2. Sensitivity Analysis and quantification of confounding of matching procedure for several variables that influence economic value or site conditions of a forest site. N is the number of samples, mean is the mean of that variable, STD is the standard deviation, and Variance, Skewness and Kurtosis are the three moments of the distribution.





	

	
N

	
Mean

	
STD

	
Variance

	
Skewness

	
Kurtosis






	
Solar Radiation (W/km2)




	
  All managed forests

	
9,352,192

	
2118.58

	
662.78

	
439,274.00

	
−0.13

	
−0.65




	
  PA-forests

	
94,069

	
1712.79

	
684.97

	
469,188.00

	
0.69

	
−1.00




	
  Managed forests post-match

	
94,069

	
1741.14

	
716.86

	
513,893.00

	
0.75

	
−0.90




	
Elevation (m)




	
  All managed forests

	
9,352,192

	
323.71

	
366.23

	
134,124.82

	
2.47

	
8.41




	
  PA-forests

	
94,069

	
578.61

	
498.38

	
248,383.10

	
1.53

	
2.30




	
  Managed forests post-match

	
94,069

	
562.25

	
484.98

	
235,207.74

	
1.54

	
2.24




	
Precipitation (cm/yr)




	
  All managed forests

	
9,352,192

	
1.98

	
0.82

	
67.99

	
2.71

	
10.80




	
  PA-forests

	
94,069

	
1.92

	
0.79

	
63.00

	
2.62

	
8.39




	
  Managed forests post-match

	
94,069

	
1.91

	
0.74

	
54.12

	
2.34

	
6.66




	
Minimum Temperature (°C)




	
  All managed forests

	
9,352,192

	
3.95

	
4.43

	
1959.66

	
−0.34

	
−0.43




	
  PA-forests

	
94,069

	
−0.48

	
4.65

	
2157.98

	
0.96

	
0.25




	
  Managed forests post-match

	
94,069

	
−0.48

	
4.31

	
1860.91

	
0.82

	
−0.16




	
Maximum Temperature (°C)




	
  All managed forests

	
9,352,192

	
12.79

	
5.28

	
2785.68

	
−0.01

	
−0.46




	
  PA-forests

	
94,069

	
7.67

	
4.64

	
2154.80

	
1.00

	
0.28




	
  Managed forests post-match

	
94,069

	
7.98

	
4.75

	
2257.38

	
1.01

	
0.25




	
Vapor Pressure Deficit (Pa)




	
  All managed forests

	
9,352,192

	
5549.63

	
2309.87

	
5,335,510.00

	
0.69

	
−0.17




	
  PA-forests

	
94,069

	
3923.85

	
1494.05

	
2,232,180.00

	
1.90

	
4.83




	
  Managed forests post-match

	
94,069

	
4113.03

	
1746.33

	
3,049,660.00

	
1.89

	
3.66
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Figure 1. Regions of Europe (A) and Swedish example (B) of Forest Protected Areas (blue) and managed forests (red). 
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Figure 2. NPP response by region and for all of Europe combined (A) and mean annual NPP separated by managed forests and protected areas PA (B). Error bars indicate the standard error. Mean absolute NPP anomaly was measured relative to the decadal average for managed and conserved forest in Northern, Central, and Southern Europe as well as all of Europe. All findings were found to be statistically significant with a 95% confidence interval with P-value <0.001. 
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Figure 3. Relative NPP anomalies to long-term NPP mean against minimum temperature, maximum temperature and precipitation anomalies for managed and conserved forests in three regions of Europe. The blue and pink shading is the 95% confidence intervals for conserved and managed forests respectively. Moving median of 10 climate anomalies. 
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Figure 4. Cumulative distribution function of forest age classes in three European regions. Age classes: 1 = 0–20, 2 = 21–40, 3 = 41–60, 4 = 61–80, 5 = 81–100, 6 = 101–120, and 7 = 121–140, and 8 = >140. 
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Figure 5. Average relative NPP response to climate variation as % to long-term mean by year forest was designate as protected. Shaded areas represent the 95% confidence interval. 






Figure 5. Average relative NPP response to climate variation as % to long-term mean by year forest was designate as protected. Shaded areas represent the 95% confidence interval.



[image: Remotesensing 11 00087 g005]








© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  remotesensing-11-00087


  
    		
      remotesensing-11-00087
    


  




  





media/file8.jpg
North
% NPP Anomaly

Central
% NPP Anomaly

South
% NP Anomaly

Min. Temp. Max. Temp.

Precipitation

— Canerved|
-~ managed

Minimum Temp. Anomaly ~ Maximum Temp. Anomaly

% Precipitation Anomaly






media/file11.png
Cumulated fraction of occurrence

1.2

0.8

0.6

0.4

0.2

\

«s 2 eNorthern

- = (Central

- SoUuthern

Sallv

4

<

Age Class





media/file6.jpg
B All of Europe

® Central W Southern

® Northern

3

(B)

(A)





media/file2.png
Abs. NPP Anomaly Abs. NPP Anomaly

Abs. NPP Anomaly

30+

20+

|

0 1
Minimum Temp. Anomaly

15F

10+

|

0 1

100+ /1 .
50 F .
0
_50_ _
—— Conserved
=100} -
- - Managed
-150 '
=100 0 50

% Precipitation Anomaly

100





media/file13.png
Relative NPP anomaly (%)

10.10¢

10.05¢

10.00¢

9.95}

9.90¢}

90.85}

9.80L

— Relative NPP anomaly
- = Polynomial fit curve

1900 19

10 1920 1930 1940 1950 1960 1970 1980 1990
Year PA was established





media/file10.jpg
<+« +Northern
—Southern

- =Central

“« @ e <« & o
s 8 oS o

32U314N220 JO UOND.YY Pale|NWN)

Age Class





media/file7.png
B All of Europe

B Southern

m Central

B Northern

800

0.2

PA

e
22
N
v)
bt
g
L
°
o
oo
@
-
)
2
o o o © © o o o
o o O @ © o o
~ ®© < M N i
(1eaA/zw/28)
Z10Z-000Z Wouj ddN |enuue agelany
ramn
=
o ~ < 0 b \ ~
= o = o 1..

(e8esane |epedap Jo % )asuodsal ddN





media/file12.jpg
Relative NPP anomaly (%)

10.10

10.05.

10.00

9.95

9.90

9.85

— Relative NPP anomaly
- - Polynomial fit curve

9.80.
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990

Year PA was established






media/file9.png
ipitation

Prec

Max. Temp.

Min. Temp.

8
-

100
100

50
!
I
’l
— Conserved
Managed
50

-100

> @ = - ~

Alewouy ddN %
YLION

!ﬂ

o 2l o

Alewouy ddN %

|edlua)

Ajewouy ddN %
4Inos

Maximum Temp. Anomaly % Precipitation Anomaly

Minimum Temp. Anomaly





media/file1.jpg
[ —






media/file5.png
70°N

A | 0 200 400 600 300 1000
N — e —

km

INorthern

)
65 ° N}t
©60°N =

{Central

Region

50°N

60°N| .

Southern

40°N |-

e T 55°Niskii &
10°W 10°E 15°E  20°E






media/file3.png





media/file0.png





media/file4.jpg





