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Abstract

:

Natural and anthropogenic factors affect forest structure worldwide, primarily affecting forest canopy and its light properties. However, not only stand-replacing events modify canopy structure, but disturbances of lower intensity can also have important ecological implications. To study such effects, we analyzed long-term changes in light properties of a conifer–broadleaf mixed forest in the Southwestern Pyrenees, placed in the fringe between the Mediterranean and Eurosiberian biogeographical regions. At this site, a thinning trial with different intensities (0%, 20%, and 30–40% basal area removed) took place in 1999 and 2009, windstorms affected some plots in 2009 and droughts were recurrent during the sampling period (2003, 2005, 2011). We monitored light properties during 14 years (2005–2019) with hemispherical photographs. We applied partial autocorrelation functions to determine if changes between years could be attributed to internal canopy changes or to external disturbances. In addition, we mapped the broadleaf canopy in 2003, 2008, and 2016 to calculate broadleaf canopy cover and richness at the sampling points with different buffer areas of increasing surface. We applied generalized linear mixed models to evaluate the effects of light variables on canopy richness and cover. We found that light variables had the most important changes during the period 2008 to 2010, reacting to the changes caused that year by the combined effects of wind and forest management. In addition, we found that an area of 4.0 m radius around the sampling points was the best to explain the relationship between light properties and species richness, whereas a radius of 1.0 m was enough to estimate the relationship between light and canopy cover. In addition, light-related variables such as diffuse light and leaf area index were related to species richness, whereas structural variables such as canopy openness were related to canopy cover. In summary, our study demonstrates that non stand-replacing disturbances such as windstorms, thinning, or droughts can have an important role in modifying structural and light-related canopy properties, which in turn may influence natural processes of stand development and ecological succession.
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1. Introduction


Forests can be altered in multiple ways by a wide array of natural and anthropogenic factors, causing physical, structural, and functional changes. Factoring out the relative importance of the drivers and alterations on forest systems is one of the priorities in forest research and management [1]. Abiotic factors, such as strong winds, drought, and other climatic events affect forest dynamics and structure [2]. Middle-intensity strong winds can cause uprooting, stem and branch breakage [3], and gap generation [4], leading to modifications in ecosystem dynamics [5], species composition [6], tree growth [7], and litter inputs to the soil [8]. Similarly, drought and high temperatures have a direct impact on health, dynamics, abundance, and distribution of tree species [9], events that are expected to increase in southern European regions [10]. In addition, biotic factors such as pests or pathogens can also modify canopy structure and properties [11].



Likewise, human-induced alterations threaten forests in multiple ways, in particular through deforestation, land use change, or urban development [12]. However, other less intensive management practices such as thinning can have strong implications on carbon cycle, microclimatic conditions, tree ecophysiology, and tree population dynamics [13]. In addition, multiple natural alterations or management practices typically co-occur, leading to interactions that generate synergistic effects on forest biodiversity and functioning [14]. However, ecological patterns that unfold over longer time frames are likely obscured or misinterpreted in some capacity during studies spanning short time periods (e.g., a few year) [15]. In order to comprehend the factors conditioning and altering forest systems, long-term studies provide key insights for quantifying ecological responses to drivers of ecosystem change, and a broader vision of the ecosystem processes whose consequences could be maintained over prolonged periods [16].



Light availability is a key resource affecting natural forest development, regeneration patterns [17], and forest structure and dynamics. When passing through the forest canopy, light influences tree branching and the requirements to produce new leaves [18], typically causing an unbalanced distribution of light when arriving to the forest understory. Tree species respond unevenly to light availability, which is especially important for understory in mixedwoods [19]. Mixed forests, typically composed of coniferous and broadleaf species [20], enhance structural heterogeneity of light resources due to uneven responses of tree species [19], leading to heterogeneity of available sunlight due to differences among tree species structural characteristics and unique successional dynamics.



Additionally, light properties can change in response to disturbances [21], as they are a factor strongly influenced by both natural [22] and anthropogenic alterations [17]. For instance, thinning increases light transmittance to the forest understory, and enhances understory plants survival and growth [23]. In addition, windstorms increase understory light availability and foster understory vegetation development due to the creation of gaps of different sizes [24]. Likewise, drought has a direct impact on health, dynamics, abundance, and distribution of tree species [9] and, in particular, on the amount of biomass in the canopy, influencing its structure and light availability at the forest understory. In summary, the study of long-term changes in plant growth resources and how they can be affected by natural and anthropogenic alterations allows for better understanding the resilience and functioning of forest systems, both in pure and mixed forests [25]. However, quantifying the span of time needed to recover light conditions is rarely studied beyond a few years after disturbances.



Here we aim at studying the long-term light properties of a mixed conifer–broadleaf forest in Southwestern Europe, and how they have been affected by natural and anthropogenic disturbances. Our study was performed in a mixed Pinus sylvestris L. (Scots pine)—Fagus sylvatica L. (European beech) forest subjected to different thinning treatments that has also experienced moderate windstorms and droughts.



The canopy of this forest is highly stratified, resulting in greater light interception and therefore higher productivity than in pure forests [25,26]. In mixed Scots pine–European beech forests such as this one, the upper canopy, typically dominated by pine, has greater ground coverage than the lower broadleaf layers. The lower efficiency in sunlight interception by pine needles [27], and therefore greater luminosity in the forest understory, promotes other tree species such as Quercus pubescens Mill., Quercus ilex L., Acer campestre L., A. pseudoplatanus L., A. opalus Mill., Betula pendula Roth, Crataegus monogyna Jacq., Fraxinus excelsior L., Populus tremula L., Sorbus aria Crantz, and Tilia platyphylos Scop., which can occur at very low densities. In contrast, beech-dominated areas tend to generate a denser canopy and outcompete other species [27].



Although initially more than 90% of the stems in this forest were pine trees, the initial dominance of Scots pine has been steadily decreasing, particularly since the year 2009, through its replacement by European beech, a common process where these two species coexist [27], accelerated by pine commercial thinning (see Table 1). By 2017, annual beech leaf litter biomass already exceeded that of pine [28]. After an initial thinning in the year 1999, this site experienced an important windstorm in 2009 and a second thinning the same year. In addition, further non stand-replacing disturbances have been periodic droughts. Specifically, the years 2005 and 2016 had low yearly rainfall values, whereas 2003, 2011, 2012, and 2018 had consistent water shortages (i.e., at least in two consecutive months precipitation was less than 35 mm). Although the driest summer of the sampling period was 2005, the driest year was 2011 [29]. The hottest mean temperatures were reached in 2003 and 2017.



To study the relationships between vegetation, disturbances, and light levels that have taken place at this site, we analyzed light properties obtained by hemispherical photographs during 14 years and studied the effect of broadleaf subcanopy cover and tree species richness on predicting such light properties. Hemispherical photography (HP hereafter) is a technique commonly used in forest sciences to characterize plant and tree canopies [30,31]. By taken pictures at extreme wide-angles, it is possible to infer the structure of the forest canopy by pointing a fisheye lens upward (typically covering 180° degrees) from the bottom of the forest canopy and directly above the understory. HP is a well-established methodology to study light properties in forests, with demonstrated potential for estimating changes in light properties and forest canopy for long periods [30,32]. HP is a convenient tool useful to characterize the forest light environments and biophysical attributes, which are directly related to physiological and functional features of the forest canopy [31]. On the other hand, image acquisition and further processing steps are the main drawback for HP [33]. However, HP is an inexpensive and relatively simple methodology, compared to others methods, such as aerial and terrestrial LIDAR, which provide a large amount of information on forest structure, but are harder to use to infer light conditions.



Hence, our first hypothesis was that tree density reduction over time due to thinning or natural events caused substantial changes in light properties but only for a short time (a few years), followed by a quick recovery of the forest canopy. To test this hypothesis, we analyzed the changes of different light properties and verified if there was variation due to natural and anthropogenic disturbances (e.g., wind, drought, thinning) for 14 years (2005–2019). Our second hypothesis was that as broadleaf canopy cover and richness change through natural forest succession, there is a concomitant change in light properties. To test this hypothesis, we studied the capacity of broadleaf canopy cover and richness indexes to predict light properties in three independent years (2003, 2008, and 2016).




2. Materials and Methods


2.1. Study Area


The study site is a forested area located near the village of Aspurz (Navarre province, northeastern Spain), in a north-facing foothill of the Southwestern Pyrenees, at 610–635 m a.s.l. (Figure 1). The climate is sub-Mediterranean, transitional between temperate and Mediterranean climates. During the last 20 years, mean annual precipitation was 913 mm and mean annual temperature 11.9 °C (Navascués weather station [34]). There is a mild water deficit during the summer season (typically in July and August), and frequent frosts from winter to early spring.



At our study site, strong winds occurred from 22 to 25 January 2009, with winds from west to east surpassing 100 km h−1 [35]. This caused uprooting and stem and branch breakage in a noticeable number of trees (mostly pines), which opened gaps unevenly distributed in the forest canopy of several study plots. However, the intensity of this event was not enough to cause a general stand-replacing event. In addition, drought events occurred in 2005, 2011, 2012, and 2016, when the amount of accumulated rain was noticeably lower than the other years (Figure 1).



The stand is a natural mixed forest of Pinus sylvestris L. (Scots pine) and Fagus sylvatica L. (European beech), regenerated after strip-like clear-cutting during the mid-1960s. Currently, although much less numerous than pine trees, many beech trees are co-dominant or dominant, and occupy, on average, 39.4% of the forest canopy (our 2008 survey, unpublished data). The other individuals of broadleaved species occur as early stages of the natural regeneration processes, with a few individuals arriving to the mid-stages of canopy strata (7.3% and 0.5% of the mixed forest canopy, respectively, 2008 survey, unpublished data).




2.2. Experimental Design and Tree and Recruit Samplings


In November 1999, the Servicio Forestal del Gobierno de Navarra established a thinning trial composed by 9 plots (30 × 40 m size) with three different thinning intensities (0%, 20%, and 30% of basal-area removed), removing mainly suppressed or intermediate trees, and some dominant or co-dominant trees with malformed stems. In March 2009 a second thinning was performed, mainly focused on removing subdominant or dominant trees, repeating the 20% intensity but increasing the highest thinning intensity from 30% to 40%. In both thinning treatments, only Scots pine trees were removed in the research plots and in a surrounding 5 m buffer zone around the plots to avoid edge effects. In each plot, two roughly rectilinear transects were established in April 2000. In each transect, five sampling points were established every 7 m and marked with a wooden stake, accounting for 90 permanent sampling points (Figure 1).




2.3. Image Acquisition and Hemispherical Photographs


During the period 2005–2019, we took HPs on a yearly basis (in July, except in September 2012) in all sampling points. Photos were taken with a Nikkon CoolPix 995 camera (Tokyo, Japan), at dawn with good weather conditions, trying to assure stable and similar sky conditions across plots and years [36,37]. Each HP was acquired at 1 m height. Low-hanging vegetation close to the camera was not altered unless directly blocking the lens. For each sampling point, topographical data (orientation, latitude, and latitude were recorded to ensure proper azimuth angle to calculate the solar pathway). Unfortunately, data for the year 2017 were not analyzed, since they were lost due to file corruption. In total 1260 HPs were analyzed (see examples in Figure S1, Supplementary Materials). Once acquired, we individually checked each HP in order to adjust the brightness to avoid mismatching between the fraction that corresponds to the sky and to vegetation [38]. For each HP, we additionally calculated the relative angle of rotation with the actual north bearing.




2.4. Light Variables from Hemispherical Pictures


For each HP, we computed different light metrics using Hemiphot software [38], running under the R statistical language, which included our own additional modifications to calculate sunflecks (see below). In our study site, the geographical location (i.e., altitude and latitude) of each sampling point did not significantly differ between HPs, and thus we assumed that errors resulting in light indexes were negligible at stand-level scale. Atmospheric parameters in our study site were measured using parameters by [37]: for clear days, the indirect site factor (ISF) was set as 0.1 and the global site factor (GSF) was set as 0.9. Details of calculations of light variables can be found in [38].



(a) Canopy openness (CanOpen) refers to the fraction of the visible sky in a given location. CanOpen gives an independent light characteristic, not influenced by the location or the proper alignment with respect to geographic north [38]. In our case, we divided the projection of the hemispheric photography into 90 concentric rings, each ring corresponding to a circular sphere segment in the sky hemisphere with an arc of 1 degree.



(b) Leaf area index (LAI) of vegetation is defined as the amount of leaf area per unit of ground area. We used an indirect calculation based on a method described by [39]. Five viewing angles were used: 7, 23, 38, 53, and 68 degrees. The gap fractions (T) around each viewing angle, in bands of 13°, were calculated with similar methods as total openness for the hemisphere.



(c) Direct light is obtained from the direct photosynthetic photon flux density (PPFD) and represents the amount of light that reaches the upper part of the forest canopy. It is assumed that if the Sun is not obstructed by the forest canopy, direct light is equal to that of above the canopy (i.e., PPFD reaches maximum values). This approach is simple and ignores cloudiness, twilight effects, and scattering of the light when entering through the forest canopy. In our case, we first calculated direct light for both above (DirectAbove) and below (DirectBelow) canopy levels of the day with the higher solar radiation (21 June). Below light accounts for the light that trespasses the canopy layers. At the same time, the amount of photosynthetic influx was also estimated for the whole year (DirectAbove.Yr, DirectBelow.Yr).



(d) Diffuse light is related to the diffuse PPFDs, and represents the amount of light scattered by the atmosphere. The amount of diffuse light on a horizontal surface can be estimated as being 15% of the amount of direct light added to the amount of direct light on that same area. Same as done for the direct light, diffuse light was calculated for both above (DiffAbove) and below (DiffBelow) canopy levels for 21 June. Similarly, the yearly amount of diffuse photosynthetic influx was also estimated (DiffAbove.Yr, DiffBelow.Yr).



(e) Sunflecks are intermittent periods of high photon flux density at the forest understories and lower canopies of trees, which significantly improve carbon gain in vegetation [40]. In our study, we defined a sunfleck as that event in which the direct light below the canopy was larger than zero. For each HP, we calculated the number of sunflecks for 21 June (N.Sunflecks). Finally, we calculated the longest duration of the sunflecks for each HP (Max.Sunflecks) as a measure of the strongest photon flux density potentially received.



For each of the light variables listed above, we computed the mean and standard deviation values for all sampling points at plot level (Table 2). The number of pictures used per year were 90 (10 per plot), except in 2012 (49 pictures) and 2015 (82 pictures). For 2012 and 2015, all plots have at least three usable pictures available per plot, except plot 2 in 2012 (two pictures) and plot 8 in 2015 (zero pictures). In addition, most of the plots for those years had 9 or 10 pictures, especially in 2015. Hence, the influence of missing pictures due to technical difficulties was minimal, with only 4.76% of all data missing or not included in further calculations due to low quality.




2.5. Canopy Richness and Broadleaf Cover


In 2003, 2008, and 2016, we obtained data of the structure of the forest canopy by means of field surveys and projections of broadleaf canopy cover. In each plot, we mapped homogeneous canopy areas covered by each tree species other than Scots pine with at least one individual taller than 2.0 m. Finally, we digitized the field data using geographic information systems (GIS) software by converting the set of individual canopy areas to geospatial polygons. For more information about the sampling procedure, see [41].



HPs capture the projection of the surrounding vegetation by extreme wide angles, but it remains unclear the area covered beyond the image acquisition. Due to the uncertainty at which distance HPs best capture the above-surrounding forest canopy, we followed a multiscale approach with the aim to identify the area best describing the relationship between HPs and the forest canopy. We set concentric circular buffers around each permanent sampling plot with radii of 1.0, 2.0, 3.0, 4.0, and 5.0 m, which comprised circular areas of 3.14, 2.57, 28.27, 50.27, and 78.54 m2, respectively (see examples in Figure S2, Supplementary Materials).



For each buffer zone and sampling point, we overlapped the maps of projected tree species canopies and we calculated the number of tree species present and the proportion of forest canopy covered by one or more broadleaf tree species. In order to avoid calculation error in large size buffers, those buffers that exceeded the plot size were cropped to fit the plot limits.




2.6. Data Analyses


2.6.1. Correlation between Light Variables and Data Filters


Before running statistical analysis, we performed preliminary tests aiming to avoid problems of normality and of non-independent variables. In order to obtain robust comparisons, we calculated average values of all the variables across all years. In other words, correlation values did not purely rely on one year but on the average effect occurring along our study years. This approach allowed us to filter variables avoiding the influence of a specific event that could have occurred during a single year, but rather on the average trends.



We applied the Wilcoxon test to check independence of variables, and the Pearson correlation test to detect collinearity between pairs of variables. In our case, we set 0.7 as a threshold value to account for high correlation between pairs of variables, and we thus retained those variables that had a pair-correlation of r < 0.7. In case of multiple matches, we retained those variables that showed fewer correlations. Overall, we retained CanOpen, LAI, DirectBelow.Yr, N.sunflecks, and Max.Sunflecks for further analyses (Table S1, Supplementary Materials).




2.6.2. Differences between Years and Plots in Light Variables


To test for differences in light variables between years, we used general linear mixed-effect models (GLMM) by means of the “stats” package using R v4.0.3 [42], which included each light variable as a response variable and year and plot as a fixed factor. We performed a repeated measures design, which included sampling point as a subject random factor. In order to perform multiple pairwise comparisons between years and plots, we performed a Tukey’s multiple comparison with Bonferroni’s correction for multiple tests by means of “emmeans” library using R v4.0.3 [43]. Non-significant pairwise contrasts (p > 0.05) were not shown.




2.6.3. Time-Series Analyses of Light Variables


To evaluate the time-dependent effects of the light variables along studied years we applied time-series analyses to determine if such temporal patterns are affected at short- or long-term periods. We applied the Ljung–Box test for independence to ensure that our series were stationary (Table S2, Supplementary Materials). Afterward, we applied analyses of partial autocorrelation functions (PACF) of the dependent variables or light indexes. A PACF explains how the value of a time lag or year (y) evolves when compared to its previous one (y − 1); thus, we can weigh the amount of influence on a year based on the following one [44]. If the PACF values are close to zero, we can assume that the data are independent of the temporal pattern, whereas if they are far from zero we can assume that the data are affected by previous time-dependent patterns. If the PACF value becomes too positive, the positive value of one observation increases the probability of having a positive value for another observation, whereas negative PACF values increase the probability of having a negative value afterward [44]. PACF analyses were performed with the “tseries” library in R [45].



For each sampling point and year, we calculated PACF values of light variables (i.e., CanOpen, LAI, DirectBelow.Yr, N.sunflecks, Max.Sunflecks) and we calculated the average and standard deviation values for each plot. For gap filling and non-available values (see above), we used the mean value of the whole time series in those, assuming that our time series followed a stationary trend (Figure S3, Supplementary Materials). To account for the elevated number of pairwise comparisons, we used a Bonferroni test to adjust the significance of variable changes in the multiple comparisons.




2.6.4. Relationships between Light Properties and Forest Canopy Composition


To evaluate the capacity of light variables to predict forest canopy structure, we applied GLMMs, seeking if dependent variables (i.e., canopy richness or cover) could be explained by independent variables (i.e., light variables, plot, and year). We additionally included the sampling point as a subject random factor, following a repeated measures design. Before GLMMs, we applied the Shapiro–Wilk test to check the normality of our dependent variables. Specifically, we fitted a Poisson distribution (numerical discrete) for richness and Gaussian distribution (numerical continuous) for canopy cover, following in both cases log–link functions. Then we generated GLMMs including two sets of models, with both canopy richness and cover as dependent variables, and we tested if they could be predicted by light variables (i.e., CanOpen, LAI, DirectBelowLight, DiffuseBelow, N.Sunflecks, Max.Sunfleckts, DirectBelow.Yr, and DiffuseBelow.Yr.) as independent linear predictors. In this case, to be more exhaustive in our search we included, in each model, the year (2003, 2008, and 2016) and the plot as independent variables. In addition, the interactions of the thinning and year with the other light variables were specified (see above). We did not assume continuous factors to have independent effects on dependent variables. In each model, we accounted the interactions of years and plot with the corresponding light variables. Analyses were done with the “lme4” library in R [46]. As there were no HPs available for 2003, the canopy cover and richness for that year were compared with light variables obtained from the HPs taken in 2005. We assumed that the time difference was short enough to ensure that canopy structural changes were kept at a minimum.



Following a multiscale approach (see above), we generated different sets of models with different combinations of dependent variables extracted for five circular areas of increasing radius around each sampling point of 1.0, 2.0, 3.0, 4.0, and 5.0 m, respectively. For each dependent variable and buffer area, multiple independent models were generated with all possible combinations of variables. We used Spearman’s correlation to test wheter canopy cover and richness were strongly correlated (rs > 0.7) only at the smallest buffer (1.0 m radius) (Table S3, Supplementary Materials).



As a selection criterion for the “best model”, we used a criterion of complexity and fit of the model to the data [47,48,49] using Akaike’s information criterion (AIC). In our case, the selection of models was carried out using the “MuMIn” library and the “dredge” function in R [50]. For each dependent variable (i.e., light variables), we finally retained the model with the lowest AIC scores from the five areas or buffers.






3. Results


3.1. Temporal Changes in Light Variables


Overall, we found nonstationary trends of the values of light variables, with two major disturbance events occurring in 2010 and 2015 (Figure 2), and followed by recovery periods of the initial values recorded at the beginning of our time series. Maximum values in light variables were recorded prior to 2008, changing afterward to reach minimum values in 2010. This pattern was especially relevant for plot 1 (light thinning) and plot 9 (control), which were located in the north area of our study site. Light variables recovered their initial values in 2013. Afterward, we also detected a small increase of light values in 2015, with a subsequently fast recovery in 2016 (Figure 2). This event was especially strong for plot 6 (light thinning) and plot 9 (control). Regarding thinning treatments effects, they were not consistent over time, with the observed trends more dependent on peculiarities of each plot. Considering the whole monitored period, there was a trend to higher CanOpen in thinned plots, but not clear patterns for other variables (Table 2).



When taking into account the thinning treatments, for CanOpen (Figure 2a), the years with more significant contrasts were 2008 to 2010, followed by 2005–2006. For LAI (Figure 2b), the years with the most significant changes were 2015, 2009–2010, and 2005–2006. For DirectBelow.Yr (Figure 2c), significant contrast were found in 2008 to 2010 and 2015–2016. For N.Sunflecks (Figure 2d), the years appearing in the highest number of significant contrasts were 2005–2006, 2008–2009, and 2011. Finally, for Max.Sunflecks (Figure 2e) only a few years showed significant contrast in the period 2009 to 2011. Overall, we found a higher number of significant pairwise contrasts between plots, which suggests that the observed temporal patterns were more related to the intrinsic particularities to each plot than to thinning treatments (see Table S3, Supplementary Materials, for detailed results on pairwise contrast between consecutive years).




3.2. Spatial Differences in Light Variables


Regarding differences between plots within a single year, no clear patterns were found due to thinning treatments, being intrinsic plot-level features responsible for most of the observed differences among plots, with plot 1 and particularly plot 9 consistently showing light behaviors different from the other plots. In particular, for CanOpen plot 9 (a control plot) accumulated 29% of the significant differences among plots (pairwise contrasts) occurring from 2008 to 2010, followed by plot 6 (light thinning) and plot 7 (heavy thinning) with 14% and 11% of the significant differences among plots, respectively. For LAI, plot 1 (light thinning), plot 3 (control), and plot 9 (control) had 24.1%, 17.2%, and 13.8% of the significant differences, respectively, mainly from 2008 to 2010, and then 2014. For DirectBelow.Yr, again plot 9 accounted for 37.5% of the significant differences, mainly from 2007 to 2009. For N.Sunflecks, plot 1 and plot 9 accounted for 43.3% and 16.7% significant differences, respectively, mostly occurring in 2008 and 2009. Finally, the only significant pairwise contrast in Max.Sufnlecks was found for plot 9 (see results by thinning treatment in Figures S4–S6, Supplementary Materials).



Regarding differences between consecutive years among plots, the years with more significant contrasts for CanOpen were 2007 to 2010. For LAI, the years were 2008 to 2010 and 2014–2015; for DirectBelow.Yr, the years that account for most of the contrasts were 2007 to 2010, and then 2015. Finally, for Max.Sunflecks, only a few years showed significant contrast in the period 2009 to 2011. Overall, we found a higher number of significant pairwise contrasts between plots, which suggests that the observed temporal patterns were more related to intrinsic plot features than to thinning treatments (see Table S3, Supplementary Materials, for detailed results on pairwise contrast between consecutive years).



For both thinning treatments and plots, univariate models including plots as fixed factors explained a higher amount of variability (i.e., residuals or error terms having lower values), when compared to fitted models including thinning treatments as fixed factors. This pattern was consistent for all light variables (for model details, see Tables S5–S9 in Supplementary Materials).




3.3. Time-Dependent Effects on Light Variables


Exploring the time-dependent effects on light variable changes using partial autocorrelation functions (PACFs), we found strong changes, especially from 2005 to 2007 and from 2011 to 2012 for all the light variables (Figure 3). As when exploring temporal differences using the raw data of light variables, we did not find clear trends associated to thinning treatments, but the trends were more associated to intrinsic plot features (see results by thinning treatment in Figures S7–S9 in Supplementary Materials).



Comparing differences between light variables along studied years, we found that when taking the thinning treatment into account, CanOpen (Figure 3a) showed significant pairwise contrasts between consecutive years for the periods 2005–2007 and 2011–2012. For LAI (Figure 3b), significant contrasts were found for the period 2005–2007, and in 2011. For DirectBelow.Yr (Figure 3c) the significant contrasts were found in 2005–2006 and 2010 to 2012. For N.Sunflecks (Figure 3d) there were significant contrasts between consecutive years in the period 2005 to 2008, and in 2012. Finally, for Max.Sunflecks (Figure 3e), significant differences among consecutive years were found only for the period 2005 to 2008.



When taking into account differences between plots, a higher number of significant changes between consecutive years were found for all variables except N.Sunflecks. For CanOpen, significant pairwise contrasts were concentrated in 2005–2006, 2009 and 2011–2012. For LAI, changes were found in 2005 to 2009. For DirectBelow.Yr, significant contrasts between consecutive years were found for 2005–2007 and 2011–2012. For N.Sunflecks, the only significant contrast was found in 2005–2006. For Max.Sunflecks, significant contrasts were found in the period 2005–2007 (see Table S4, Supplementary Materials, for detailed results on significant pairwise contrast between consecutive years).




3.4. Forest Canopy Structure as Driver of Light Variables


When accounting for light variables explained by forest canopy variables, we found that an area of 4.0 m radius around each sampling point had the highest performance for CanOpen, DirectBelowYr, N.Sunflecks, and Max.Sunflecks, whereas an area of 2.0 m radius had the highest performance for LAI (see Figure S10, Supplementary Materials). When evaluating the best models to explain each light variable, the proportion of broadleaf canopy cover negatively affected the majority of the light variables (except for N.Sunflecks, which occurred in the best model, but it was not significant), whereas canopy richness only explained DirectBelow.Yr positively (Table 3). In addition, we found that the effect of broadleaf canopy cover and richness at explaining light variables covaried with years, but only in N.Sunflecks. In particular, we found a negative effect of broadleaf canopy cover in 2008, whereas a positive effect of canopy richness in 2016 (Table 3).





4. Discussion


Overall, we found that the non stand-replacing windstorm in 2009 caused a strong signal in the properties of the light available for the understory, tending to recover two to three years after such event. Likewise, drought events (i.e., 2005 and 2012) generated moderate changes in the temporal trend of understory light properties, with a fast recovery time (typically along the subsequent year). Therefore, our first hypothesis can be accepted, corroborating similar canopy response to diffuse disturbances reported previously [51]. However, we did not find strong associations between thinning treatments and trends in light properties, suggesting that human-caused and natural disturbances can interact among them at tree-level scales, making difficult to particularize the effects of individual disturbances.



We also found that that the buffer area of 4.0 m radius around the sampling points was the one best explaining the majority of light variables. In addition, we found that the majority of light variables predicted the proportion of ground covered by the broadleaf subcanopy, whereas only a few of these light variables exolained the species richness of the broadleaf canopy. Hence, our second hypothesis can be accepted for canopy cover but not for canopy richness, indicating that species functional traits, rather than diversity, are influencing light levels in the understory.



4.1. Light Variables and Their Temporal Autocorrelation


Thinning and windstorms are two disturbances that commonly generate moderate gaps in forest canopy (through tree removal or breakage), which directly influence light availability in forest systems [52,53]. For the 14-year monitoring period, we found that the years with the strongest variation in light properties were 2009 and 2010. During these two years, the minimum values occurred for almost all light variables, except for LAI, which reached its maximum. At the same time, light properties recovered in 2–3 years after the 2009 events, following a stationary or stochastic pattern later on. The latter trend was confirmed with the values of the partial autocorrelation analysis, which reached the lowest values in 2009 and 2010, indicating the lowest dependence of values on previous years.



Regarding forest management, previous research has demonstrated the effect of thinning on light variables, particularly by increasing the light transmittance within the forest understory, leading to enhanced understory survival and growth [54,55]. However, in our study such effects were not detected, so we can assume that there may be additional factors affecting the within-plot variability of understory light properties, overriding potential changes caused by thinning. Given the coincidence in time of thinning and windstorms in the same year (2009), their individual effects could not be separated, but we found that changes in light properties varied inconsistently between thinning treatments and were more dependent on the temporal and spatial dynamics of each plot. In particular, we found that plot 1 (20% thinning), plot 3 (control) and, notably, plot 9 (also control) had strong differences in the light properties, probably due to their different stand structure compared to other plots at our study site (Table 1). All of those more-affected plots were located in the northern area of our study site (Figure 1). Given that this spatial pattern was independent on the thinning treatment, we could assume that the plot particularities, combined with the windstorm event, blurred the potential effect of thinning, and thus we had difficulty finding differences between thinning treatments. Furthermore, a study performed by [56] showed that considering slopes when studying light properties with HP could be useful to better predict the effect of natural disturbances on a particular forest patch. Our results also reinforce Kramer et al.’s [57] conclusion that site factors are more important than management for canopy performance and recovery during disturbances. In spite of this, as thinning is being increasingly suggested as a management practice to adapt forest stands in drought-prone areas to increasingly reduced water availability by reducing evapotranspiration [58,59], it could be interesting to repeat the thinning experiments without the influence of windthrow to better characterize its influence on understory light.



On the other hand, it has been assumed that windstorms could be a key abiotic factor that generate gaps in forest ecosystems [60,61], a pattern consistent with our findings. Strong winds affect forest dynamics by causing tree and branch mortality, and increasing woody debris, whereas thinning is usually followed by forest floor cleaning, which allows seedling regeneration [62]. However, we found that the lowest values of CanOpen, DirectBelow.Yr, and N.Sunflecks occurred in 2010 and 2011 (with LAI showing the opposite pattern), which were the years after thinning and strong winds had happened. Although this pattern could seem counterintuitive at first glance, we suggest that the combination of thinning and strong winds allowed greater light availability at the forest understory, triggering the growth of subcanopy and understory species (such as Rubus spp. or Pteridium aquilinum L, or saplings of broadleaves, abundant in our study site), consequently increasing LAI values and growing above 1 m (i.e., the height at which HP were taken) [51,62]. In particular, [63] demonstrated that LAI values in shrub-dominated zones were higher compared to tree-dominated zones, eventually implying that abandonment of forest management practices led to a decrease in both the availability and the spatial heterogeneity of understory light due to tree canopy expansion. After such events, the forest canopy is covered by trees and tall shrubs in the understory (such as Prunus spp., Quercus spp. in early regeneration stages, Buxus sempervirens L., etc.), lowering the values of CanOpen, DirectBelow.Yr, and N.Sunflecks. However, we found that the latter alteration was more localized than generalized, and only a small number of plots had strong changes in light properties (notably those located in the northern area of our study plot; see above), likely as a consequence of opening the tree canopy by branch and stem breakage and some tree uprooting by strong wind storms.



As an additional factor, drought has direct impacts on health, dynamics, and abundance of tree species [9]. During the short-term, drought triggers overstory defoliation and leads to increased light availability for the understory [64], a pattern that is additionally modulated by the species-specific responses to stress. For the mid- to long-term, severe droughts can produce important reductions in tree growth or eventual deaths [65,66]. In our study site, we detected changes in light properties during 2006 and from 2012 to 2014, likely derived from drought events occurring during those particular years [67]. Compared to the 2009 thinning plus windstorm event, droughts generated more moderate changes in light variables, but still noticeable, particularly in CanOpen, LAI, DirectBelow.Yr, and N.Sunflecks. Unfortunately, we could not carry out a detailed plot-level analysis of drought effects as we lacked direct soil moisture measurements during the monitoring period.



These events led to increases in available light at the forest understory (i.e., higher values for CanOpen, DirectBelow.Yr, and N.Sunflecks and lower values of LAI), probably as a consequence of defoliation. At this site, a positive relationship between increased litterfall production and summer droughts has been reported [8], and P. sylvestris and F. sylvatica leaf litterfall production has been linked to climatic changes [68]. The composition of overstory tree species, the abundance and vertical distribution of understory vegetation, and the soil type (through its influence on vegetation) are also crucial in factors influencing understory light properties [69]. At our site, defoliation due to summer drought was quickly recovered the following year [8], supporting our finding that light properties were quickly recovered after the drought events. This fact suggests that tree vitality at this site is enough to cope with isolated drought events [70]. As occurred with the strong wind event in January 2009, the drought events seem to have affected only some plots.



Finally, for the same forest and time period, [68] reported a strong increase in broadleaf production over time, shifting leaf litter from being pine-dominated in 2000 to beech-dominated by 2017. This change in the canopy biomass composition could be related with a certain gradual understory shadowing over the 14-year time period, as shown by the lower light levels measured in the later years when compared to the initial years. This can be interpreted as a signal of forest succession within the stationary series, as once the forest canopy regains its structure, the increasingly dominant broadleaf trees have stronger effects on the light conditions underneath, both decreasing understory LAI values and stabilizing other light variables.




4.2. Relationships between Forest Canopy Structure and Understory Light Variables


We found a strong influence of the size of the area around each sampling point when explaining light variables by forest structure factors (cover and richness). Our findings suggested that a radius of 4.0 m (~50 m2) was the most suitable. This fine spatial scale (small patch, almost tree-level) suggests that forest structure directly above the sampling point explained most of the light properties in the understory. This is directly linked to the presence of beech, which dominates the light environment in the subcanopy and understory layers. As demonstrated by [71,72], beech has greater leaf area per tree compared to other species such as Acer pseudoplatanus L. (maple), Fraxinus excelsior L. (ash), or Quercus pubescens (oak), which are also present in our study site. However, we should note that the canopy covered by pine was not included in the analysis, as it was assumed to be a homogeneous distribution (based on stem distribution maps) on the top canopy layer (~20 m), above all the broadleaves, which were considered as the species that actually created the heterogeneity in the canopy structure. However, this assumption may have caused a bias for the first years in the series, when the dominance of pine over the broadleaves was more clear [68].



In addition, we also found that species richness was able to explain certain light properties, particularly DirectBelow.Yr and N.Sunflecks. Morin et al. [73] reported that higher species richness leads to a larger leaf area index because of higher diversity in leaf traits. In our study site, species richness is directly related to the presence of shade-tolerant woody species. Diffuse light (dominated by overstory layer), species richness, beech proportion in the overstory, and heterogeneity of tree diameters have been described as the most important drivers of species composition [60]. In our case, DirectBelow.Yr was positively related to species richness, whereas N.Sunflecks showed a negative relationship, as more leaf traits were translated into a more dense cover, reducing the possibility of direct light reaching the understory layer.



Our findings suggest that a fine spatial scale at patch-level (4.0 m radius or ~50 m2) allows for including the presence of non-dominant broadleaf trees, which are more heterogeneously distributed than the pine overstory and that have been proven as important in defining the understory light environment. Although we did not study the effects of individual tree species on light variables, species richness can be considered a proxy of canopy complexity [74]. Higher species richness resulted in increased space filling in the shadowed lower canopy levels in mixed forests [75]. Hence, tree species diversity positively affected canopy complexity [76]. Based on our results, we suggest that it is necessary to consider the entire tree species composition when studying the understory light environment, as relying purely on light properties of the dominant species could provide biased information.




4.3. Management Implications


To date, thinning in this mixedwood has focused only on Scots pine, leaving beech unmanaged [41]. Consequently, beech growth has been favored through recruitment of new individuals and important crown expansion of the trees already present, a situation representative of most of the pine forests in the Pyrenees. Even if Scots pine still is the dominant species at this site, this situation will soon change as beech is a very competitive species and small light gaps are enough for it to grow taller. This will likely result in a darker and more homogeneous understory light environment, which could also be less prone to the changes caused by windstorms, as broadleaves significantly reduce vulnerability to wind when admixed with conifer species [77], resulting in increased temporal stability. However, if drought events worsen in a future with warmer climate [28], thinning could focus on beech individuals as a way to reduce the increased shadow on the understory. Even if beech canopy could be less influenced by droughts because this species’ characteristic leaf development [78], removing some beech trees could help other less shade-tolerant species such as maple or ash to develop better [72], thus maintaining forest mosaics and enhancing biodiversity, which is important for light properties, as seen in our study. Thinning could also help other Mediterranean species better adapted to drought conditions, such as the pine itself or oaks to develop, while decreasing competitiveness of the beech, and maintaining biodiversity (compared to pure stands of beech or pine). Overall, long-term monitoring of canopy structure development and understory light conditions will remain important in the future to better understand the relationship between moderate but frequent natural and anthropogenic disturbances during the ecological succession from conifer to broadleaves, particularly under the uncertainty of future climate change.





5. Conclusions


As forest management moves towards the paradigm of near-nature forestry, a better understanding on how disturbances affect light (one of the main growth limiting factors for the understory) is needed. All things considered, we found that this mixed conifer–broadleaf Mediterranean forest quickly recovered from abiotic (windstorms and drought) and anthropogenic disturbances (thinning) after two to three years, suggesting stability and resilience of this mixedwood to environmental changes. Our results also indicated the importance of non stand-replacing disturbances such as winds, thinning, and droughts as the main drivers affecting changes in the understory light environment. Our findings also suggest that canopy cover is the main structural feature influencing understory light properties, but species richness also adds important information to better understand light variability in the forest understory.



Last but not least, our study highlights the feasibility of using HP to keep track of how light parameters change within the forest, and what these changes explain. As we have already accumulated 14 years of data, we are encouraged to keeping using this methodology as a practical tool for long-term monitoring and research programs, making possible further comparison of new data with the data retrieved here. Finally, because hemispherical photographs can be improved, for instance, with new smartphone devices [79], HP can potentially become even easier to conduct in the near future.
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Figure 1. (a) Site location showing the nine plots used in the study. Green plots indicate control plots (no thinning), blue plots indicate heavy thinning, and uncolored plots indicate light thinning (see main text for details). Yellow dots indicate the sampling points where hemispherical photographs were taken. (b) Accumulated summer precipitation (June to August) and average summer temperature for the years of the study period. Black bars indicate the years with major disturbances (thinning and windstorms). 
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Figure 3. Partial autocorrelation functions (PACFs) for light variables over the studied years for the five plots with the clearest trends. (a) CanOpen, (b) LAI, (c) DirectBelow.Yr, (d) N.Sunflecks, and (e) Max.Sunflecks. Each line represents different plots. The y-axis represents the values the PACF can take (from 1.0 to −1.0), and the x-axis represents the years. For y-axis, values close to zero (dashed lines) show that there was no temporal autocorrelation of the values of each light variable with respect to the previous year. 
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Figure 2. Light variables from the hemispherical photograaphs during the studied years for the five plots that showed larger changes over time: (a) CanOpen (parts per unit), (b) LAI (m2 m−2), (c) DirectBelow.Yr (µmol m−2 s−1), (d) N.Sunflecks (µmol m−2 s−1), and (e) Max.Sunflecks (minutes). Each line corresponds to different plots. For each light variable, horizontal lines represent the mean values whereas vertical lines symbolize standard error. 
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Table 1. Canopy structural features for selected years: 1999 (after 1st thinning), 2009 (before 2nd Table 2018. (last available inventory). Average tree height measured as the average of 50 trees randomly selected in each plot.
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Plot

	
Pine Density

	
Beech Density

	
Pine Basal Area

	
Pine Average Tree Height




	

	
Trees ha−1

	
Trees ha−1

	
m2 ha−1

	
m




	

	
1999

	
2009

	
2018

	
2009

	
2018

	
1999

	
2009

	
2018

	
1999

	
2018






	
Control

	

	

	

	

	

	

	

	

	

	




	
Plot 3

	
2467

	
1650

	
1224

	
392

	
283

	
44.0

	
47.2

	
47.4

	
16.3

	
19.8




	
Plot 4

	
4792

	
2650

	
1383

	
942

	
767

	
44.6

	
48.2

	
37.1

	
12.2

	
17.6




	
Plot 9

	
3292

	
1883

	
1599

	
408

	
442

	
38.3

	
43.8

	
47.9

	
12.6

	
19.9




	
Average

	
3517

	
2061

	
1402

	
581

	
497

	
42.3

	
46.4

	
44.1

	
13.7

	
19.1




	
Light thinning

	

	

	

	

	

	

	

	

	

	




	
Plot 1

	
2350

	
2150

	
1258

	
175

	
167

	
30.5

	
43.9

	
42.0

	
12.2

	
17.7




	
Plot 6

	
2392

	
2042

	
899

	
208

	
517

	
34.7

	
44.9

	
29.0

	
12.7

	
18.9




	
Plot 8

	
1842

	
1650

	
999

	
475

	
817

	
30.4

	
41.3

	
39.5

	
13.7

	
19.0




	
Average

	
2195

	
1947

	
1052

	
286

	
500

	
31.9

	
43.4

	
36.8

	
12.9

	
18.5




	
Heavy thinning

	

	

	

	

	

	

	

	

	

	




	
Plot 2

	
2575

	
2500

	
1266

	
383

	
517

	
28.5

	
41.2

	
35.8

	
11.7

	
17.0




	
Plot 5

	
2275

	
2192

	
1216

	
192

	
300

	
28.1

	
41.6

	
36.0

	
12.3

	
18.9




	
Plot 7

	
1750

	
1650

	
833

	
292

	
325

	
30.5

	
41.1

	
34.9

	
13.4

	
20.1




	
Average

	
2200

	
2114

	
1105

	
289

	
381

	
29.0

	
41.3

	
35.6

	
12.5

	
18.7




	
Site average

	
2637

	
2041

	
1186

	
385

	
459

	
34.4

	
43.7

	
38.8

	
13.0

	
18.8
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Table 2. Average values of the light-related variables for the monitored period (2005–2019). Values show average ± standard error. Broadleaf subcanopy cover was measured in a 1.0 m radius area surrounding the sampling point and broadleaf subcanopy richness was measured in a 4.0 m radius area.
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	Plot
	CanOpen

%
	LAI

m2 m−2
	Direct

Below

µmol m−2 s−1
	Direct

Below.Yr

µmol m−2 s−1
	Diff

Below

µmol m−2 s−1
	Diff

Below.Yr

µmol m−2 s−1
	N.Sunflecs

Number
	Max.

Sunflecks

Minutes
	Canopy

Cover

%
	Canopy Richness

# Species





	Control
	
	
	
	
	
	
	
	
	
	



	Plot 3
	14.5 ± 1.6
	3.16 ± 0.11
	11.67 ± 1.74
	8.92 ± 1.18
	050 ± 0.04
	0.43 ± 0.04
	16.60 ± 1.95
	0.32 ± 0.06
	0.67 ± 0.59
	2.80 ± 0.73



	Plot 4
	14.4 ± 2.0
	3.54 ± 0.15
	11.51 ± 2.14
	7.82 ± 1.33
	0.46 ± 0.05
	0.40 ± 0.05
	14.03 ± 1.85
	0.39 ± 0.11
	0.64 ± 0.47
	2.17 ± 1.09



	Plot 9
	16.5 ± 2.2
	3.42 ± 0.19
	12.78 ± 1.83
	11.21 ± 1.45
	0.51 ± 0.06
	0.44 ± 0.05
	18.54 ± 2.04
	0.28 ± 0.04
	0.33 ± 0.43
	1.90 ± 1.11



	average
	15.1 ± 1.9
	3.37 ± 0.15
	11.99 ± 1.90
	9.32 ± 1.32
	0.49 ± 0.05
	0.42 ± 0.04
	16.39 ± 1.95
	0.33 ± 0.07
	0.55 ± 0.50
	2.29 ± 0.98



	Light thinning
	
	
	
	
	
	
	
	
	
	



	Plot 1
	17.2 ± 2.1
	3.03 ± 0.14
	13.99 ± 1.98
	10.07 ± 1.44
	0.57 ± 0.06
	0.49 ± 0.05
	20.05 ± 2.32
	0.34 ± 0.05
	0.50 ± 0.51
	2.23 ± 1.19



	Plot 6
	15.6 ± 2.2
	3.33 ± 0.17
	11.07 ± 1.91
	9.96 ± 1.34
	0.51 ± 0.06
	0.45 ± 0.05
	15.28 ± 1.90
	0.38 ± 0.10
	0.56 ± 0.38
	2.93 ± 1.22



	Plot 8
	16.0 ± 2.0
	3.43 ± 0.19
	12.47 ± 2.06
	9.03 ± 1.35
	0.49 ± 0.05
	0.42 ± 0.05
	17.54 ± 2.11
	0.30 ± 0.05
	0.55 ± 0.49
	3.03 ± 1.10



	average
	16.3 ± 2.1
	3.27 ± 0.17
	12.51 ± 1.99
	9.68 ± 1.38
	0.52 ± 0.06
	0.45 ± 0.05
	17.62 ± 2.11
	0.34 ± 0.06
	0.54 ± 0.46
	2.73 ± 1.17



	Heavy thinning
	
	
	
	
	
	
	
	
	
	



	Plot 2
	18.4 ± 2.2
	3.33 ± 0.17
	12.72 ± 1.94
	10.63 ± 1.47
	0.57 ± 0.06
	0.50 ± 0.05
	18.36 ± 2.05
	0.30 ± 0.05
	0.64 ± 0.66
	2.90 ± 1.82



	Plot 5
	15.3 ± 1.7
	3.31 ± 0.13
	10.59 ± 1.49
	8.12 ± 1.08
	0.48 ± 0.04
	0.42 ± 0.04
	15.92 ± 1.63
	0.28 ± 0.05
	0.62 ± 0.53
	2.27 ± 1.10



	Plot 7
	16.3 ± 2.0
	3.49 ± 0.16
	12.47 ± 1.83
	8.86 ± 1.38
	0.51 ± 0.05
	0.44 ± 0.05
	17.37 ± 1.92
	0.35 ± 0.07
	0.51 ± 0.48
	3.03 ± 1.22



	average
	16.7 ± 2.0
	3.38 ± 0.15
	11.93 ± 1.75
	9.20 ± 1.31
	0.52 ± 0.05
	0.45 ± 0.05
	17.22 ± 1.87
	0.31 ± 0.05
	0.59 ± 0.56
	2.73 ± 1.38



	Site average
	16.0 ± 2.0
	3.34 ± 0.16
	12.14 ± 1.88
	9.40 ± 1.34
	0.51 ± 0.05
	0.44 ± 0.05
	17.08 ± 1.98
	0.33 ± 0.06
	0.56 ± 0.50
	2.59 ± 1.17
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Table 3. Summary of the estimates for the “best model” accounting for the effect years, richness, and proportion of forest cover at explaining light variables, according to the AIC value, computed for an area of 5.0 m radius around each sampling point. Only the most significant values representing interactions between year, canopy richness, and proportion of forest cover are shown. Significant values (p < 0.05) are in bold.
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	Variables
	Estimate
	Std. Error
	df
	t Value
	p Value





	CanOpen
	
	
	
	
	



	(Intercept)
	0.265
	0.009
	210.796
	29.453
	0.000



	PropCov
	−0.110
	0.014
	149.936
	−7.824
	0.000



	Year2008
	0.027
	0.009
	189.448
	2.835
	0.005



	Year2016
	−0.032
	0.011
	252.260
	−2.828
	0.005



	LAI
	
	
	
	
	



	(Intercept)
	2.865
	0.096
	12.183
	29.972
	0.000



	PropCov
	−0.296
	0.060
	259.631
	−4.953
	0.000



	Year2008
	0.255
	0.064
	258.033
	4.016
	0.000



	Year2016
	0.824
	0.068
	258.261
	12.035
	0.000



	DirectBelow.Yr
	
	
	
	
	



	(Intercept)
	14.689
	1.164
	47.474
	12.623
	0.000



	PropCov
	−3.670
	1.834
	252.590
	−2.001
	0.047



	Richness
	0.653
	0.275
	232.342
	2.379
	0.018



	Year2008
	0.462
	1.211
	184.759
	0.382
	0.703



	Year2016
	−5.843
	1.463
	217.527
	−3.995
	0.000



	PropCov:Year2008
	−1.899
	2.202
	183.835
	−0.863
	0.390



	PropCov:Year2016
	0.556
	2.130
	204.093
	0.261
	0.794



	N.Sunflecks
	
	
	
	
	



	(Intercept)
	30.477
	2.083
	92.589
	14.629
	0.000



	PropCov
	−3.532
	2.656
	253.321
	−1.330
	0.185



	Richness
	−0.859
	0.763
	255.344
	−1.126
	0.261



	Year2008
	−3.787
	2.461
	191.487
	−1.539
	0.125



	Year2016
	−17.027
	2.848
	208.860
	−5.979
	0.000



	PropCov:Year2008
	−7.120
	3.384
	185.216
	−2.104
	0.037



	PropCov:Year2016
	1.229
	3.210
	203.560
	0.383
	0.702



	Richness:Year2008
	1.787
	0.939
	204.944
	1.904
	0.058



	Richness:Year2016
	1.764
	0.895
	223.855
	1.971
	0.050



	Max. Sunflecks
	
	
	
	
	



	(Intercept)
	0.467
	0.033
	152.423
	14.319
	0.000



	PropCov
	−0.132
	0.047
	195.165
	−2.804
	0.006
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