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Abstract

:

The habitat of the lichen Scots pine forest is currently one of the communities that requires attention and active protection due to its rapid disappearance. In our study, we identified factors that can be modified to preserve this habitat. The primary focus of our research was on the significance of tree height and sunlight in fostering the development of a lichen-rich layer within the lichen Scots pine forest. Additionally, we investigated the environmental factors influencing the presence of specific species of lichens and bryophytes, including those that form communities and those that displace species characteristic of the lichen Scots pine forest community. Our study was conducted in Bory Tucholskie National Park (N-W Poland) using 20 experimental sites and 248 point-frame plots from spring 2021 to winter 2022. Fieldwork involved species surveys, measurements of photosynthetic activity in lichens and bryophytes, and collection of environmental data. Through parametric testing, modeling, and mapping, our main findings confirmed that light availability, influenced by tree height, is a critical factor in maintaining a well-preserved lichen-rich layer and facilitating habitat reintroduction.
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1. Introduction


Photosynthesis is regulated by numerous environmental factors that not only limit steady-state photosynthesis but also constrain the speed of response to environmental fluctuations [1,2,3]. Under natural conditions, photosynthesis occurs in fluctuating irradiance. We define this process as dynamic photosynthesis, regulated by the kinetics of underlying processes and interspecific variation in response to fluctuating irradiance [2,4].



The effect of light on photoautotrophic species can be assessed in direct terms (i.e., how light directly affects the photosynthetic system of the plant) and indirectly (i.e., how this solar energy also in the form of thermal energy shapes the ecosystem conditions, including water conditions). The amount of energy that reaches the ecological niche in a community is largely shaped by the structure of the plant community itself. In the case of the community of the lichen Scots pine forest, it is a specifically developed strongly deformed Scots pine stand on a poor, sandy base with a lichen-rich undergrowth layer. The lichens that occur there are light-requiring organisms, adapted to high values of sunlight intensity, as evidenced by the presence of the same species of lichens in open habitats, for example, alpine or tundra communities [5,6]. Previous studies have shown that an important environmental factor limiting the occurrence of undergrowth is the thickness of organic matter on the forest substrate [7]. However, an equally important factor is the height of the pine stand, which changes a lichen-rich undergrowth layer into a bryophyte-rich undergrowth layer. This relationship was believed to be related to the limiting impact of the pine stand on the availability of solar energy in the forest undergrowth layer [7]; however, this has not been empirically proven in research to date.



Since 2015, studies have been carried out in Bory Tucholskie National Park on 13 hectares of lichen Scots pine forest habitat belonging to the Cladonio-Pinetum Juraszek 1927 community [7,8,9]. In 2020, a pilot study was conducted focusing on the determination of the degree of viability of selected species of lichens and bryophytes with respect to environmental conditions, using the method of assessing photosynthetic activity [9].



The region where the research took place is marked by severely impoverished and arid conditions, linked to a particular substrate created during the last ice age (consisting of sandy soils in the valleys of major rivers and post-glacial outwash sands). Over time, this environment has been influenced by various human activities, including cattle grazing, the collection of litter (such as pine needles, pinecones, and small branches), deforestation, and clear-cutting [7,8].



On the one hand, previous studies [9] have observed a certain repeatability of photosynthetic activity of the studied species in relation to the seasons and time of day; on the other hand, clearly the conservation status of the lichen undergrowth was correlated with the height of the trees. So, in the current study, which has been conducted through the use of automatic measuring devices (loggers) distributed in dozens of sites, an attempt was made to clarify the mechanisms of the effect of the sun per year in relation to the height of the trees on the photosynthetic activity of lichens and bryophytes in the undergrowth of the brushwood forest.



The aim of the presented research was to study how sunlight identified as a source of PAR (Photosynthetic Active Radiation) and thermal energy shape the lichen-rich undergrowth layer in the lichen Scots pine forest community. Due to the structure of this community with pine stands of different age and height, the amount of light reaching the undergrowth differs. Therefore, we assume that both the height of the stand and the amount of sunlight reaching the forest floor influence the development of the lichen-rich undergrowth layer. Apart from environmental conditions, lichen photosynthesis is closely related to the photosynthetic abilities of the photobiont, i.e., an autotrophic prokaryotic or eukaryotic alga [10,11,12,13]. On the other hand, in bryophytes, it occurs in the gametophyte, which is the dominant generation, additionally nourishing the sporophyte [14]. Furthermore, we studied the influence of environmental variables on certain species of lichens and bryophytes present in the study area. We set the following hypotheses: (1) an increase in the percentage cover of the lichen-rich undergrowth layer is directly proportional to the increased amount of light reaching the substrate, which is dependent on the tree height; (2) an increase in the amount of light decreases the percentage cover of the bryophyte-rich undergrowth layer.




2. Material and Methods


2.1. Study Area


Fieldwork was carried out for one year from spring 2021 to winter 2022 in the ‘Bory Tucholskie’ National Park (Tuchola Forest region, Nort-West Poland) (Figure 1). In 2017 in the north part of the National Park, a study area (13 ha) of the lichen Scots pine forest was designated that included 20 experimental localities designated in 2017 and an additional 248 point-frame plots analyzed in 2021 (Figure 1).




2.2. Lichen Undergrowth Layer and Trees Height Mapping


In 2018, an aerial LIDAR scan of the stand was performed, which was used to make a tree crown model [7,15]. Based on the model, tree heights (THs) were calculated, which were grouped into three height ranges (1–9 m, 10–13 m, and 14–18 m) and presented on the map (Figure 2A). Data for crown areas (CAs) and tree cover (TC-2017) were obtained from the same tree crown model. These data were used to perform later statistical analysis.



Utilizing the random points tool within the ArcGIS software 10.8.2 (ESRI, Redlands, CA, USA, 2020) across the study area, with the exclusion of zones where all undergrowth cover was cleared in 2018 as part of a prior project, a total of 248 sites were delineated, forming the shapefile layer of the point-frame (Figure 1). In the field, randomly determined positions were located with a precision of 1 m using an iPad device equipped with the MapPlus 2.8.20 application (Miocool Inc., 2021). For this purpose, an aluminum frame was used, divided by lines into 100 squares with dimensions of 5 by 5 cm. The frame was placed at the designated site and then each species that was at the intersection of the lines was noted as one percent. The records for each species were summed, and thus the percentage cover of each species in each plot was calculated. In the case that there were no species at the intersection, the zero value was observed. Then, for each plot, the percentage cover for all lichen and bryophyte species was summed. Based on the obtained results, a geodatabase of the point-frame shapefile layer was created. This layer was used to create the percentage cover of lichens in the Scots pine forest undergrowth layer model (Figure 2B). Both models are presented as maps (Figure 2) for visual comparison.




2.3. Measurement Microhabitat Variables


Each of the 20 experimental localities had automatic loggers (HOBO MX2202 Underwater Temp/Light, Version Number: 140.59) measuring the temperature of the substrate [°C] and the intensity of sunlight [lux] at 6:00 a.m., 9:00 a.m., 12:00 a.m., 3:00 p.m., and 6:00 p.m. from 1 June 2021 to 31 February 2022. For presenting the results of statistical analyses, measurements taken on the days of measuring the photosynthetic activity of selected species of lichens and bryophytes were used. For selected microhabitat variables that had a statistically significant effect, we carried out an interpolation modeling process using the Kriging Tool in the ArcGIS ArcMap application.




2.4. Measurement of Photosynthetic Activity


All 20 experimental localities contained 4 selected species of lichens (Cladonia mitis Sandst; Cladonia uncialis (L.) Weber ex F.H. Wigg.) and bryophytes (Pleurozium schreberi (Willd. ex Brid.) Mitt.; Dicranum scoparium (L.) Hedw.) (Figure 1). We chose 3 days each in the months representing the four seasons found in this part of Europe. The choice of days was based on weather conditions, so that the days of conducting field work were preceded by stabilized weather characteristic of the season. In these places in the outlined seasons (spring (23–25 April 2021); summer (25–27 June 2021); autumn (1–3 October 2021); and winter (4–6 February 2022), we randomly selected individuals from species within the plot and carried out measurements of photosynthetic activity [Fv/Fm] (the maximal quantum yields of photosystem II) at designated times of the day (6:00 a.m.; 9:00 a.m.; 12:00 a.m.; 3:00 p.m.; and 6:00 p.m.). Twenty samples of each species were simultaneously collected on a designated day and at a specified time. Each sample, approximately 2 g in weight, was carefully deposited into conical tubes containing 5 milliliters of rainwater. Subsequently, the samples were subjected to a hydration period lasting 2 h. The objective of this thallus watering procedure was to ensure a uniform hydration level across all samples, thus standardizing the experimental conditions.



Measurements were conducted utilizing a Handy PEA+ fluorometer manufactured by Hansatech Instrument Ltd., located in King’s Lynn, Norfolk, UK. The prompt fluorescence (PF) method [16] was employed for data acquisition. Prior to measurements, each sample underwent a dark adaptation phase lasting approximately 15 min [17], facilitating the quenching of the light phase of photosynthesis reactions. Upon completion of the adaptation phase, samples were subjected to continuous light exposure with wavelengths shorter than 670 nm. Chlorophyll fluorescence emitted within the range of 680 to 760 nm was then recorded by the photodetector. Post-measurement, the Fv/Fm ratio was determined, representing the maximum photochemical efficiency of photosystem II. This ratio is widely acknowledged as a robust indicator of the photochemical activity within the photosynthetic apparatus [18].




2.5. Statistical Analysis


The following variables were selected to determine the relationship between tree height and lichens: (a) percentage cover of lichen (N = 248); (b) percentage cover of Cladonia mitis (N = 248); (c) percentage cover of C. gracilis (L.) Willd. (N = 248) (both lichen species characteristic of the Cladonio-Pinetum complex); (d) percentage cover of P. schreberi (N = 248) (bryophyte species were additionally taken into account due to their expansive nature causing it to occupy areas after retreating lichens). Pearson’s r correlation analysis was performed for an equal sample size (p < 0.05). Scatterplots were presented to show the relationship between the various variables (Figure 3).



To investigate the relationship between lichen cover and microhabitat variables (N = 248), i.e., substrate temperature (Table 1a) and light intensity (Table 1b) in a seasonal approach (summer, autumn, and winter), multiple regression analysis was performed for an equal sample size (p < 0.05). The results obtained are presented in Table 1.



To investigate the relationship between the photosynthetic activity of selected species (C. mitis, C. uncialis, D. scoparium, and P. schreberi) in a seasonal approach (summer, autumn, and winter) at different times (9:00 a.m., 12:00 a.m., and 15:00 p.m.); the temperature in a seasonal approach (summer, autumn, and winter) at different times (9:00 a.m., 12:00 a.m., and 15:00 p.m.); light intensity in a seasonal approach (summer, autumn, and winter) at different times (9:00 a.m., 12:00 a.m., and 15:00 p.m.); and the height of trees, multiple regression analysis was performed for an equal sample size (p < 0.05). Modeling was not performed for the spring period due to the lack of measurements of microhabitat parameters. A total of 36 models were used (for the photosynthetic activity value of four species and three variables) where one data series counted N = 248 (total N = 11,904). The results obtained are presented in Supplementary Table S1.



As a result of photosynthetic activity measurements, the collected results (N = 2880) were statistically analyzed by a two-way analysis of variance (ANOVA) test followed by Tukey’s HSD (Honestly Significant Difference) test for an equal sample size (p < 0.05). The test was performed to reveal Fv/Fm differences between the following pairs of variables: (a) species (C. mitis, C. uncialis, D. scoparium, and P. schreberi) and season (spring, summer, autumn, and winter), and (b) species and time of day depending on the season (9:00, 12:00, and 15:00) (Table 2). Before the analysis, the normality of the distribution was verified using the Kolmogorov–Smirnov test (p > 0.05) and the Levene test (p > 0.05) to assess equality of variance. Box-and-whisker plot charts were presented to illustrate the differences (Figure 4).



To investigate the relationship between species of lichens and bryophytes, forest variables, and microhabitat variables, a canonical correspondence analysis (CCA), preceded by random Monte Carlo permutation tests, was performed using Canoco for Windows Version 4.51 (C) 1997–2003 Biometric—Plant Research International Wageningen, The Netherlands, and CANOCO CanocoDraw for Windows 4.1 (C) 1999–2003 Petr Smilauer. Statistical tests were performed using the StatSoft STATISTICA program (data analysis software system), version 13.3. The abbreviations of variables are explained in Table 3.





3. Results


3.1. Influence of Microhabitat Parameters on Photosynthetic Activity and Cover of Lichens and Bryophytes


By comparing the graphic interpretation of the lichen/bryophyte undergrowth layer model based on the quantitative data of the species of lichens and bryophytes and the tree height model, some relationships were found visually showing the presence of a large percentage cover of lichens in the undergrowth layer in low (1–9 m) and medium (10–13 m) places of the pine stand (Figure 2). On the other hand, the bryophyte-rich undergrowth layer was dominant in places where the pine stand reached the highest values (14–18 m) (Figure 2).



The linear relationship between tree height value, lichen cover value, and selected species of lichen and bryophyte cover value showed a strong linear correlation (Figure 3). The strongest relationship was shown between tree height and lichen cover in the undergrowth layer (Figure 3A). The cover of lichens in the forest undergrowth layer decreases with increasing tree height (r = −0.59). Slightly lower, the same as the previous, inverse correlations also occurred between tree height and percentage cover of C. mitis (r = −0.41) and C. gracilis (r = −0.4), the two most important habitat-forming species. In the case of P. schreberi, which competes strongly with lichens, a positive correlation with tree height occurred (r = 0.43).



Since strong relationships between tree height and percentage cover of lichens in the forest undergrowth layer were found, additionally, multiple regression analysis was performed that included data from three seasons (summer, autumn, and winter) on microhabitat parameters: average substrate temperature and average light intensity on the undergrowth surface and tree height (Table 1). Based on the multiple regression analysis performed, it was observed that the variables TH, ASTA, and ASTW (Table 1a) and TH and ALIA (Table 1b) had a large influence on the shaping of the lichen-rich undergrowth layer. The results of the next multiple regression analysis showed the relationship between the Fv/Fm of selected species (C. mitis, C. uncialis, D. scoparium, and P. schreberi) and the substrate temperature and light intensity microhabitat parameters in the aspects of daytime and seasons (Supplementary Table S1). In total, 36 models of the activity relationship of four species were made in each case for three variables, 13 of which showed statistical significance (Supplementary Table S1). For nine statistically significant models, a very high value of r > 0.5 of the regression coefficients was found, and for four, it was moderately strong 0.0 < r > 0.3 (Supplementary Table S1).
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Figure 3. Linear relationship between the Scots pine trees’ height in each point-framing plot and (A)—the percentage cover of lichens in the plots; (B)—the percentage cover of Cladonia mitis Sandst in the plots; (C)—the percentage cover of Cladonia gracilis (L.) Willd. in the plots; and (D)—the percentage cover of Pleurozium schreberi (Willd. ex Brid.) Mitt. in the plots. 
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In terms of species, relationships between the Fv/Fm of these species and the microhabitat parameters in terms of seasons and daytime were found to be statistically significant for the following: C. mitis—two out of nine results (autumn 9:00 a.m. and 12:00 a.m.); C. uncialis—five out of nine results (summer 9:00 a.m. and 12:00 a.m., autumn 9:00 a.m. and 3:00 p.m., and winter 9:00 a.m. and 3:00 p.m.); D. scoparium—two out of nine results (autumn 12:00 a.m. and winter 3:00 p.m.); and P. schreberi—three out of nine results (summer 9:00 a.m. and 12:00 a.m., and autumn 9:00 a.m.) (Supplementary Table S1).




3.2. Seasonal Variations in Photosynthetic Activity of Selected Lichen and Bryophyte Species


The outcomes of the two-way analysis of variance (ANOVA) demonstrated significant impacts of species, season, and their interaction on Fv/Fm values (see Table 2; depicted in Figure 4A). Across all examined species, Fv/Fm values reached their lowest during the spring and summer seasons, exhibiting an upward trend during autumn and winter (Figure 4A). Notably, during both spring and autumn, the Fv/Fm values of both lichens and D. scoparium demonstrated similarity and were significantly divergent from those of P. schreberi (Figure 4A). Moreover, during autumn, the Fv/Fm values for all species under investigation approached stabilization, resembling the levels observed during winter (Figure 4A).



In terms of the impact of species and daytime, both variables exerted influence on Fv/Fm; nonetheless, their interaction was not statistically significant during the winter daytime (refer to Table 2 and Figure 4E). The values of Fv/Fm in the daytime of each season differed; however, the results of daytime in summer and autumn were not significant (Table 2, Figure 4C,D). The values of Fv/Fm for daytime in summer show a slight upward trend during the day, reaching the highest values in the afternoon (Figure 4B), while in the case of the winter, the situation was the opposite, with Fv/Fm reaching the highest values in the morning (Figure 4E). For P. schreberi, the Fv/Fm was significantly lower compared to that of C. mitis, C. uncialis, and D. scoparium (see Figure 4B,C,E).




3.3. The Relationship between Species of Lichens and Bryophytes, Forest Variables, and Microhabitat Variables


The results of the forward selection and Monte Carlo permutation tests showed that 14 of the 37 variables analyzed are statistically significant (Figure 5, Table 3). Variables were ordered according to their decreasing importance to the presence of lichen species in the study area, as shown by lambda statistics (Table 3). The CCA diagram showed the relationship between species of lichens and bryophytes, forest variables (TH, TC-2017, and CA) and microhabitat variables (ALIS, ALIA, ALIW, LIS6, LIA15, LIW12, LIW15, STS6, STA6, STS12, and STA12). Most of the microhabitat variables in the diagram were parallel to the second axis. This means that this axis reflects the gradient of variable microhabitat parameters on the percentage cover of lichens and bryophytes in the forest undergrowth layer. Additionally, the microhabitat variables were mostly grouped in one area, especially characterized by light intensity (Figure 5). Their ranges of individual values are shown on additional maps (Figure 6). These variables, by increasing their values, increase the percentage cover of lichen species of minor habitat formation in the forest undergrowth layer, such as the following: C. pleurota Hoffm., C. pyxidata (L.) Hoffm., C. squamosa Hoffm., and C. verticillata (Hoffm.) Ach. Two species of bryophytes, H. splendens (Hedw.) Schimp. and D. spurium Hedw., were also found in this influence area. The microhabitat variables above are also accompanied by the CA forest variable. The remaining microhabitat variables STS6, STA6, and STA12 (Figure 5) are located almost parallel to axis 2, but in the opposite direction, and range values were also presented on additional maps (Figure 7). In this case, the increase in their values influenced the habitat-forming lichens C. portentosa (Dufour) Coem., C. uncialis, C. subulata (L.) F.H. Wigg., C. furcata (Huds.) Baumg., and C. rangiferina (L.) Weber, and those that are insignificant to the community, C. rei Schaer., C. deformis (L.) Hoffm., C. zopfii Vain., and C. phyllophora Hoffm., as well as that of two bryophytes, D. scoparium and P. piliferum Hedw. The primary axis appears to be primarily determined by Tree Height (TH), with a significant influence from the outlier Cetraria aculeata exhibiting low TH values. This observation aligns with the ecological preferences of Cetraria aculeata (Schreb.) Fr., which thrives in open habitats. The increase in their value clearly affects the two main species of the bryophyte-rich undergrowth layer, P. schreberi and D. polysetum Sw., while their decrease affects the main species of the lichen-rich undergrowth layer, C. mitis, C. arbuscula (Wallr.) Flot., and C. gracilis (Figure 5).





4. Discussion


4.1. Influence of Microhabitat Parameters on Photosynthetic Activity and Cover of Lichens and Bryophytes


We have already indicated in previous studies that there is a clear relationship between the height of trees and the percentage cover of lichens and bryophytes in the undergrowth layer [7]. However, those studies also considered the parameters of the undergrowth properties and were carried out on a small sample of data from several sites. The distribution of the lichen–bryophyte flaps was made based on manual mapping of the area, and the data on the energy reaching the undergrowth were calculated based on the total values of solar energy reaching the Earth’s surface in that region, minus the amount of energy retained by the stand [7]. There was a great need for more detailed studies based on a wider range of data, to be completely sure of previous reports. Comparison of the model of the percentage cover of lichens in the undergrowth layer and the model of tree height in the study area (Figure 2) confirmed the previous results [7]; however, the current data allowed for more detailed insight. In a relatively low stand, up to 9 m high, the lichen undergrowth layer is very well preserved. In a tree stand of up to 13 m, the increasing share of P. schreberi and D. scoparium can be seen. Above 14 m in height, most of the undergrowth layer is completely bryophytes. These results provide a good justification as to why the lichen forest community was described as periodic and gradually disappearing as the stand ages [19,20,21,22].



Fałtynowicz [23] found in his study, which also conducted in the Tuchola Forest but in the 1980s, that there is a high correlation between the age of pine trees and the abundance of lichens and mosses, which is related to the amount of light reaching the undergrowth, as well as the amount of water available. In younger and older stands, lichens dominate [23]. The results of our research to date clearly indicate that it is not the age of the stand but the height of the trees that is of major importance in the processes of the decline of the lichen-rich undergrowth, since in the low site index V, stands have 50-year-old trees that reach a height of 9 m, and in such a habitat, the lichen undergrowth persists much longer than in the high site index I, where 50-year-old trees are 14 m high, and the lichen undergrowth begins to degenerate as they reach an age of about 20–25 years when trees exceed 9 m in height.



Numerous statistical analyses are presented in this work, including linear correlations with high correlation coefficients (Figure 3), and a more complex multiple regression analysis was performed (Table 1; Supplementary Table S1), which attempted to explain this phenomenon of the decrease in the percentage cover of lichens in the pine forest undergrowth with the increase in tree height based on the photosynthetic activity of chosen species of lichens and bryophytes. This is in line with the results of studies explaining this phenomenon of the limited availability of sunlight in increasingly mature forests [21,22] and what follows directly from the fact that lichens are photophilic [24,25,26] and bryophytes are photophobic organisms [27,28].



The results obtained indicate a large impact on undergrowth formation due to the relationship between forest variables: tree height and microhabitat variables; substrate temperature in autumn and winter (Table 1a); and tree height and light intensity in autumn (Table 1b). Already in previous studies [7], it was observed that substrate temperature is very variable throughout the year and that organic matter is a natural thermal insulation of the mineral layer against high temperatures in summer and low temperatures in winter [29,30]. The faster heating of the substrate in the summer months causes very rapid water loss. Furthermore, organic matter is a large reservoir of accumulated water [7].




4.2. Seasonal Variations in Photosynthetic Activity of Selected Lichen and Bryophyte Species


Current research confirms these earlier observations and shows even more clearly that the cold seasons of the year have a decisive influence on the formation of the lichen undergrowth layer. This is also confirmed by the obtained results of the seasonal variability of Fv/Fm (Figure 4). Fv/Fm was lowest in spring and summer, and it increased in, autumn, and winter when it had higher values (Figure 4A). Although lichens are pioneering organisms that occur in very extreme conditions, they prefer wetter and less sunny locations for optimal growth, as evidenced by the fact that they are called cryophilic species [31,32]. Both the results of these studies and the work of other authors confirm that the autumn and winter period is a favorable environment for lichen metabolism, due to the presence of lower temperatures, higher and constant humidity, and optimal light intensity [33]. On the other hand, other studies on bryophytes confirmed that CO2 gas exchange takes place even at a temperature of −5 °C [34], and they contrast with the assumption that the photosynthesis process stops when cellular fluids freeze in bryophytes [35]. It is not surprising that lichens and bryophytes photosynthesize under such unfavorable conditions as autumn and winter, because it is related to their temperature preferences [10]. The temperature between 5 °C and 15 °C is the normal range of maximum apparent photosynthesis in most northern bryophytes, but activity continues at temperatures below 0° C [36]. The tolerance of lichens to freezing temperatures might be attributed to the effects of sugar alcohols [37] and antifreezing- and ice nucleation-promoting proteins [38], which occurred in lichens [39]. The ability to perform photosynthesis at low and even temperatures below 0 °C means that it does not stop even in winter. However, it is quite surprising that in the cold period, photosynthesis is at such a high level. Scientists explain this phenomenon with high tolerance to desiccation, thanks to which species of bryophytes and lichens, unlike other plants, can maintain the efficient process of photosynthesis under winter stress.



There is another important aspect to the variability of seasonal photosynthetic activity. Lichens and bryophytes can rebuild photosynthetic systems. So far, it has been found to occur faster in bryophytes that grow in light-exposed habitats and experience frequent alterations between wet and dry conditions than in woodland species subject to less frequent changes [40].



Previous pilot studies on Fv/Fm [7] showed the highest photosynthetic activity of examined lichens and bryophytes in the autumn period. The research was not carried out in winter because then the authors thought that the studied species would be in a phase of complete dormancy, and the reason for the low values of Fv/Fm [7] during spring and summer are the weather conditions, e.g., higher temperature, light intensity, and sudden and drastic fluctuations in air humidity [33,41].



Microhabitat conditions have a significant influence on water relations in the lichen thicket because they are poikilohydric species [42]. On hot and rainless days (which characterize the summer period), the lichen thallus can lose up to 97% of its water and thus enter the state of anabiosis. On the one hand, it causes the suppression of photosynthesis in them; on the other hand, it becomes a defense mechanism against solar radiation [32]. Long-term stress periods in lichens activate the production of reactive oxygen species, which negatively affect the PS II system and thus lead to cell death [43]. This mechanism is confirmed by studies conducted in warm desert areas, which have shown that high temperature causes very low or negative net photosynthesis, and in combination with water deficit, it can lead to the disappearance of the biological soil crust made of bryophytes and lichens [44]. These authors emphasize the significant role of water availability on photosynthetic activity, while bryophyte dehydration and excessive hydration inhibit the photosynthesis process [45]. A similar situation occurs for lichens, which during the natural state of physiological drought show much lower activity than after their two-hour hydration in Eppendorf [9].



Tobias and Niinemets [46] showed that with a decrease in the amount of light delivered, the level of chlorophyll concentration in P. schreberi increased, which resulted in better absorption of solar radiation with its lower availability. In conditions of strong sunlight, our results for P. schreberi showed the lowest Fv/Fm values of all the species tested. The lichen species C. mitis and C. uncialis showed similar photosynthetic efficiency throughout the seasons, which is related to their great similarity; C. mitis has a more intense photosynthetic process, while C. uncialis photosynthesizes longer under conditions of water shortage, which ultimately balances their photosynthetic activity [47]. The large values of standard deviations in the tests are the result of different atmospheric conditions during the conducted measurements. On sunny and dry days, both lichens and bryophytes reached the critical values of Fv/Fm = 0.200, while in the morning, during the presence of dew or after intense rain, these values reached the limit of Fv/Fm = 0.8. This proves that the process of photosynthesis is very quickly regenerated, and that the photosynthesis process is resumed to a maximum extent (up to an hour), with little water availability [48].



The daily cycle of Fv/Fm in lichens and bryophytes is comparable within each species in the spring, summer, and autumn seasons, and the differences are noted only in winter (Figure 4B–E). All species studied show the highest photosynthetic activity in the morning and then significantly reduce it. The explanation for this is probably a short day and an early sunset. Furthermore, the studied species form bryophyte undergrowth in tall pine forests with spreading tree crowns, which limit light and cause shading [8]. However, these are merely assumptions that require further investigation.



The results of the relationship between the photosynthetic activity of selected species (C. mitis, C. uncialis, D. scoparium, and P. schreberi) and the substrate temperature and light intensity microhabitat parameters in the aspects of daytime and seasons (Supplementary Table S1) show even more clearly how the process of photosynthesis is highly dependent on environmental factors and is specific for each species.



The results presented confirm that the TH has a large impact on the values of the substrate temperature and the intensity of light reaching the undergrowth, which in turn determines the photosynthetic activity and photosynthesis efficiency. The presented regressions state that the joint influence of temperature and light intensity determines the Fv/Fm values, which is confirmed in studies on lichens and bryophytes and in studies on vascular plants [8,49]. The differences in Fv/Fm lichens in relation to the season and daytime can be explained by the fact that these organisms are extremely resistant to unfavorable microhabitat conditions, as they have wide optimal temperature and light requirements met [50]. The results confirm the tendency that in summer and autumn, photosynthetic activity decreases with a large increase in temperature and light intensity. This phenomenon is related to dehydration of the thallus and puts it into anabiosis [51]. However, studies are known to determine the optimal temperature for the photosynthesis process that occurs in lichens in the range of 15–25 °C [52]. In the autumn period, the average temperatures in the studied area fluctuate around 14 °C, which is below the optimal values.



However, there are studies with results that differ from ours. For example, samples of Cladonia foliacea, C. furcata, C. pyxidata, Diploschistes muscorum, and Thalloidima physaroides had higher Fv/Fm values in spring and autumn samples compared to summer and winter [41]. The authors explain their results by stating that the environmental conditions during spring and autumn were more favorable for photosynthetic efficiency than in the other two seasons [41]. The conditions of spring and autumn, i.e., high humidity and increasing intensity of incident light, contributed to the high photosynthetic activity of the lichens. During winter and summer, the investigated species had been exposed to stress [53]. In summer, it could be explained by heat and light stress, which had a photoinhibition effect on lichen thalli [54].



Contrary to lichens, bryophytes do not like high temperatures; therefore, significant relationships in our results were only confirmed in the morning and noon hours in summer and autumn for P. schreberi and in autumn at noon and in winter in the afternoon for D. scoparium. P. schreberi prefers light shading, lower temperatures, and optimal light availability [55]. It is a species characteristic of wetter and shaded areas; therefore, its retreat related to the thinning of the stand, which took place in 2017 [8], is visible in the experimental plot studied.




4.3. The Relationship between Species of Lichens and Bryophytes, Forest, and Microhabitat Variables


The CCA analysis showed a clear separation of the impact of forest variables which, according to previous studies, are mainly responsible for the occurrence of lichen species characteristic of lichen Scots pine forest communities, from microhabitat variables responsible for the occurrence of less important and habitat-forming lichens and bryophytes. Some of them, STS6, STA6, and STA12, are located between the axes, which may suggest their influence on both important and less significant species for this community. Thus, CCA indicates that substrate temperature has a significant influence on the formation of the forest undergrowth layer of lichen and bryophytes. Other studies analyzing the effects of microhabitat variables for terricolous lichens showed similar results [41]. The results clearly indicate that Fv/Fm is usually higher in less arid than in arid microhabitats, which results directly from solar exposure, along with the different shading created by vascular plants, including shrubs and trees [56]. The higher soil water content provided a higher amount of humidity for rehydration/activation of terricolous lichens. Their results [41] indicate the important process of nonphotochemical quenching (NPQ), which is a mechanism employed by plants and algae to protect themselves from the adverse effects of high light intensity [57] and is usually more intensive in shaded than in exposed microhabitats of the lichen species. These observations are explained by the fact that the shaded microhabitat is usually wetter, causing more frequent irrigation of the lichen thallus, which makes them transparent and more exposed to greater amounts of solar energy supplied [58,59]. Dry lichen thalli reflect most of the sun’s energy [60].





5. Conclusions


The study delves into the intricate dynamics between tree height, microhabitat factors, and the prevalence of lichens and bryophytes in the lichen Scots pine forest ecosystems. Contrary to previous notions linking stand age to undergrowth decline, our findings emphasize the pivotal role of tree height in shaping the forest undergrowth composition. Lichens exhibit photophilic tendencies, thriving under optimal humidity conditions during autumn and winter, while bryophytes’ responses to environmental stress vary. Substrate temperature and light intensity emerge as key determinants of photosynthetic activity, influencing undergrowth formation. The research underscores the need for comprehensive studies to unravel the complexities of forest microhabitats and their impact on undergrowth dynamics, offering valuable insights into the resilience and adaptability of these organisms in changing environmental conditions.
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Figure 1. Study area in the north part of Bory Tucholskie National Park in Poland (white line) of the lichen Scots pine forest community with 20 experimental localities (violet dots) having automatic substrate temperature and light intensity loggers; among them, 20 localities carried out the measurement of the chosen cryptogams species’ photosynthetic activity [Fv/Fm] (the maximal quantum yields of photosystem II) (blue dots) and 248 new localities were point-framing plots (pink dots). Orthophotomap layer by © The Head Office of Geodesy and Cartography (www.geoportal.gov.pl 2022). 
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Figure 2. Map of the tree height model (A) and map of the percentage cover lichens in the Scots pine forest undergrowth layer model (B). 
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Figure 4. Variability of Fv/Fm (mean ± SE and SD) including division into species (C. mitis Sandst, C. uncialis Weber ex F.H. Wigg., D. scoparium (L.) Hedw., and P. schreberi (Willd. ex Brid.) Mitt.) in relation to the following: (A)—season (spring, summer, and autumn); (B)—daytime in spring; (C)—daytime in summer; (D)—daytime in autumn; (E)—daytime in winter. The lowercase letters in section A denote the statistically significant interaction among species, season, and daytime. 
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Figure 5. Canonical correspondence analysis ordination diagram showing relationship between species of lichens—blue color—and bryophyte—green color; forest variables (TH, TC-2017, and CA)—red color; and microhabitat variables (ALIS, ALIA, ALIW, LIS6, LIA15, LIW12, LIW15, STS6, STA6, STS12, and STA12)—violet color. Variables’ abbreviations are explained in Table 3. The variance explained by the first canonical axis reaches 29% whereas by all canonical axes 12%. Abbreviations of lichens and bryophyte species names which were noted in all areas: cetacu—Cetraria aculeata (Schreb.) Fr.; claarb—Cladonia arbuscula (Wallr.) Flot.; clachl—C. chlorophaea (Flörke ex Sommerf.) Spreng.; clacoc—C. coccifera (L.) Willd.; cladef—C. deformis (L.) Hoffm.; clafur—C. furcata (Huds.) Baumg.; clagla—C. glauca Flörke; clagra—C. gracilis (L.) Willd.; clamit—C. mitis Sandst.; claphy—C. phyllophora Hoffm.; claple—C. pleurota Hoffm.; clapor—C. portentosa (Dufour) Coem.; clapyx—C. pyxidata (L.) Hoffm.; clarang—C. rangiferina (L.) Weber; clarei—C. rei Schaer.; clasqu—C. squamosa Hoffm.; clasub—C. subulata (L.) F.H. Wigg.; claunc—C. uncialis (L.) F.H. Wigg.; claver—C. verticillata (Hoffm.) Ach.; clazop—C. zopfii Vain.; dicpol—Dicranum polysetum Sw.; dicsco—D. scoparium Hedw.; dicspu—D. spurium Hedw.; hylspl—Hylocomium splendens (Hedw.) Schimp.; plesch—Pleurozium schreberi (Willd. ex Brid.) Mitt.; polpil—Politrichum piliferum Hedw.; pticil—Ptilidium ciliare (L.) Hampe. 
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Figure 6. Light intensity models on the study area. Microhabitat variables: (A)—ALIS; (B)—ALIA; (C)—ALIW; (D)—LIS6; (E)—LIA15; (F)—LIW12; (G)—LIW15. Abbreviations are explained in Table 3. Relation between Sun azimuth and height above the horizon presented in part—(H). 
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Figure 7. Substrate temperature models on the study area. Microhabitat variables: (A)—STS6; (B)—STA6; (C)—STS12; (D)—STA12. Abbreviations are explained in Table 3. 
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Table 1. Results of stepwise multiple regression analysis for the effect of two microhabitat parameters: (a) substrate temperature (r = 0.61039, r2 = 0.37258371, F = 48.2988, p < 0.001) and (b) light intensity (r = 0.599672, r2 = 0.359607, F = 68.79, p < 0.001) in a seasonal approach (summer, autumn, and winter) on lichen cover. The constant tree height parameter was also included in both analyses. Variables with significant effect (p < 0.05) are provided in bold. Variables are listed according to p-value.
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Variables

	
B

	
t

	
p






	
(a)

	
Tree height

	
−7.74

	
−10.147

	
p < 0.001




	
ASTA

	
65.31

	
3.0355

	
p = 0.003




	
ASTW

	
−95.19

	
−2.419

	
p = 0.016




	
(b)

	
Tree height

	
−8.15

	
−11.123

	
p < 0.001




	
ALIA

	
0.009

	
2.025

	
p = 0.044











 





Table 2. Results of the two-way ANOVA assessing the effects of the following variables on cryptogams’ Fv/Fm: (a) species (Cladonia mitis Sandst; Cladonia uncialis (L.) Weber ex F.H. Wigg., Dicranum scoparium (L.) Hedw., Pleurozium schreberi (Willd. ex Brid.) Mitt.) and seasons (spring, summer, autumn, and winter); (b) species and daytime (8:00 a.m., 12:00 p.m., and 3:00 p.m.) during spring, (c) summer, (d) autumn, and (e) winter. Significant effects (p < 0.05) are denoted in bold.
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Variables

	
F

	
p






	
(a)

	
Species

	
150.6

	
p < 0.001




	
Season

	
460.2

	
p < 0.001




	
Species x season

	
16.4

	
p < 0.001




	
(b)

	
Species

	
96.2

	
p < 0.001




	
Daytime in spring

	
12.15

	
p < 0.001




	
Species x daytime in spring

	
7.61

	
p < 0.001




	
(c)

	
Species

	
81.18

	
p < 0.001




	
Daytime in summer

	
0.76

	
p = 0.47




	
Species x daytime in summer

	
3.33

	
p = 0.003




	
(d)

	
Species

	
30.6

	
p < 0.001




	
Daytime in autumn

	
2.7

	
p = 0.069




	
Species x daytime in autumn

	
11.0

	
p < 0.001




	
(e)

	
Species

	
13.93

	
p < 0.001




	
Daytime in winter

	
197.01

	
p < 0.001




	
Species x daytime in winter

	
0.41

	
p = 0.875











 





Table 3. Results of forward selection and Monte Carlo permutation tests derived from CCA (refer to Figure 5). Environmental variables are arranged according to their model order (Lambda A). Significant variables are indicated in bold (p < 0.05). Abbreviations for variables were utilized in multiple regression analyses (refer to Table 1), CCA (refer to Figure 5), light intensity models (refer to Figure 6), and substrate temperature models (refer to Figure 7).
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	Variable
	Abbreviation
	Lambda A
	p
	F





	Tree height
	TH
	0.22
	0.002
	14.68



	Light intensity summer—6:00
	LIS6
	0.07
	0.002
	4.92



	Tree cover 2017
	TC-2017
	0.05
	0.002
	3.61



	Substrate temperature—autumn 12:00
	STA12
	0.05
	0.002
	3.23



	Substrate temperature—summer 12:00
	STS12
	0.05
	0.002
	3.67



	Crown area
	CA
	0.04
	0.008
	2.3



	Light intensity—winter 12:00
	LIW12
	0.03
	0.006
	2.19



	Average Light intensity—summer
	ALIS
	0.03
	0.004
	2.24



	Light intensity—winter 15:00
	LIW15
	0.03
	0.01
	2.04



	Average light intensity—winter
	ALIW
	0.02
	0.04
	1.68



	Substrate temperature—autumn 6:00
	STA6
	0.03
	0.016
	1.9



	Substrate temperature—summer 6:00
	STS6
	0.02
	0.028
	1.78



	Average light intensity—autumn
	ALIA
	0.02
	0.038
	1.8



	Light intensity—autumn 15:00
	LIA15
	0.02
	0.048
	1.73



	Average substrate temperature—autumn
	ASTA
	0.03
	0.11
	1.5



	Light intensity—winter 9:00
	LIW9
	0.02
	0.088
	1.5



	Light intensity—summer 15:00
	LIS15
	0.02
	0.222
	1.22



	Substrate temperature—summer 15:00
	STS15
	0.02
	0.126
	1.41



	Substrate temperature—summer 9:00
	STS9
	0.02
	0.118
	1.45



	Light intensity—summer 18:00
	LIS18
	0.01
	0.128
	1.33



	Light intensity—winter 18:00
	LIW18
	0.02
	0.402
	1.02



	Light intensity—summer 12:00
	LIS12
	0.01
	0.364
	1.08



	Light intensity—autumn 18:00
	LIA18
	0.01
	0.61
	0.86



	Substrate temperature—autumn 18:00
	STA18
	0.02
	0.556
	0.94



	Average Substrate temperature—winter
	ASTW
	0.01
	0.348
	1.11



	Substrate temperature—winter 18:00
	STW18
	0.02
	0.258
	1.25



	Substrate temperature—winter 6:00
	STW6
	0.01
	0.348
	1.07



	Light intensity—autumn 9:00
	LIA9
	0.02
	0.41
	1.04



	Light intensity—summer 9:00
	LIS9
	0.01
	0.472
	0.96



	Substrate temperature—autumn 15:00
	STA15
	0.01
	0.744
	0.75



	Substrate temperature—winter 12:00
	STW12
	0.01
	0.76
	0.73



	Tree cover 2018
	TC-2018
	0.01
	0.824
	0.67



	Light intensity—autumn 12:00
	LIA12
	0.01
	0.772
	0.74



	Substrate temperature—winter 15:00
	STW15
	0.01
	0.802
	0.7



	Average substrate temperature—summer
	ASTS
	0.01
	0.894
	0.55



	Substrate temperature—winter 9:00
	STW9
	0.01
	0.98
	0.45



	Substrate temperature—summer 18:00
	STS18
	0.01
	0.99
	0.39
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