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Abstract

:

The soil water regime often controls whether an ecosystem is a source of greenhouse gases such as CO2 or CH4 or is, instead, a carbon sink. The soil water regime of wetland forests is complicated by ecosystem feedback and landscape scale interactions. An in-depth understanding of these processes is needed to optimize the management of such ecosystems to balance timber production, carbon sequestration and biodiversity preservation. To investigate the soil water regime of non-riparian wetland forests, we set up a physically based Hydrus-1D soil water model for two hydric black alder Alnus glutinosa sites in a lowland hemiboreal setting informed by field observations of the soil water. Further, to gain ecohydrological insights, we explored the correlations between modeled long-term soil water parameters and local dendrochronology. We found that, at the clay soil site, the simulated root water uptake had a significant correlation (up to 0.55) with the residual tree-ring chronology. However, in the sandy soil site, the meteorological conditions—air temperature and precipitation—were better predictors for tree radial growth (correlation up to 0.42). In addition, we observed a trend towards dryer conditions during the modeling period, which might enhance the growing conditions for the considered forest stands due to a reduction in soil waterlogging.
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1. Introduction


Forests are under increasing pressure due to climate change worldwide [1] and, in the boreal climatic zone [2], perturbations in the water cycle, shifts in the precipitation regime and potential evapotranspiration are the dominant factors. The soil water regime is a primary control of forest productivity. In fact, it is suggested that in boreal and temperate climates, the high transpiration of forests prevents soil waterlogging, enabling the survival of the forest ecosystem instead of shifting to a state of peatland with permanently waterlogged soil and low primary productivity [3].



In the transition between forest and active peatlands such as fens or raised bogs, there is a type of forest with a shallow peat layer covering mineral subsoil, characterized by waterlogged soil for a significant portion of the year. Forests growing in these excessively wet conditions (hydric sites as opposed to mesic or xeric sites) are commonly found in northern regions in Europe, Asia and North America [4]. The conditions in hydric sites for most tree species are suboptimal [4] due to the waterlogged soil conditions, resulting in oxygen stress for the root system, leading to reduced water and nutrient uptake [5]. These forests can be both a source of greenhouse gases, particularly methane produced in oxygen-deprived soil, and a carbon sink, as carbon is sequestrated in the tree biomass and peat layer on the forest floor [6,7].



In Latvia, Northern Europa, about 47% of all forests either suffer from seasonally waterlogged soil conditions or have been drained [8]. Historically, a range of landscapes including raised bog and fen peatlands and forests with seasonally waterlogged soils have been drained to improve soil aeration, enhancing wood production. The drainage system needs to be periodically renovated, often after each clear-cut harvesting cycle. However, drainage renovation is costly and can have negative environmental consequences such as habitat disturbance, increased sediment and nutrient run-off and spikes in greenhouse gas emissions from soils [9]. In recent decades in Scandinavia, continuous-cover forestry, by harvesting only some of the trees, has been proposed as an alternative more environmentally friendly forest soil water management strategy [9,10].



In the Latvian climate and geological conditions, the naturally waterlogged state of forest soil is a result of groundwater exfiltration and/or surface run-on [8]. The soil water regime is controlled by the balance between precipitation and run-on, including groundwater discharge input and evapotranspiration, and run-off, including groundwater recharge output. This system is conditioned by ecosystem feedback, where an optimal soil water regime facilitates vegetation development that in turn leads to increased transpiration, reducing the soil water reserves [11]. Generally, the forest transpiration rate is higher than other types of land cover, which can result in a deeper groundwater table [12]. A better understanding of the water balance is key for the further improvement of the management practices of hydric forests balancing biodiversity targets, carbon sequestration in soil and wood biomass production.



At the landscape scale, water generally flows from uplands to depressions [13]. However, in flat terrains with a high subsoil water capacity and approximately equal precipitation and potential evapotranspiration, the interaction between vegetation and subsoil water can significantly affect the spatial as well as the temporal (seasonal) distribution of groundwater level and flow directions [14]. Forest evapotranspiration has long been recognized as one of the most important and challenging aspects controlling the water balance [15] and it has been shown that the LAI is one of the most important parameters determining the transpiration rate [16].



Climate change in temperate and boreal climate settings can have a dual effect on tree growth, as indicated by annual tree-ring increments. The overall positive effect of an early onset and longer growing season due to climate warming [17] can be largely offset by increasingly severe water stress during the peak of summer [18]. Hydric sites are not expected to have water deficiency, but this is a case that remains to be demonstrated on a case-by-case basis.



In this study, we sought to test the hypothesis that even though black alder trees are well adapted to waterlogged soil conditions, they benefit from increased soil aeration, leading to higher root water uptake and increased radial growth in drought years. However, we found different responses of the tree radial growth to the soil water regime at the two study sites. These differences were interpreted as a result of different modes of soil water hydrological coupling at a landscape scale (water transfer from elevated areas to depressions). We simulated the long-term water balance of lowland waterlogged forests and its relationship with the radial growth rings of black alder Alnus glutinosa trees by setting up a Hydrus-1D [19] soil water model. The study sites were at a transitional position between wetlands and uplands, where seasonal soil waterlogging prevents the establishment of other dominant tree species than the wetland-adapted black alder. However, the extent of the waterlogging was not sufficient for extensive peat accumulation. We found that the tree-ring growth responses to meteorological forcing was strongly modulated by the hydrological properties of the soils. Other factors such as plant community composition, microtopography or pests could affect the ecohydrological process, but were outside the scope of this study.




2. Materials and Methods


A field study was conducted in research forests run by a public agency, The Forest Research Station (Figure 1). Two forest plots were considered in this study (Plot-1 and Plot-3, Table 1). The study included automated soil and groundwater observations in the field, measurements of soil hydrological parameters in the laboratory and tree-ring measurements to obtain local dendrochronology. One-dimensional soil water models using Hydrus-1D software, version 4.17.0140 [19], were set up for both study sites. The leaf area index (LAI) and surface albedo for both study sites were obtained from remote sensing data sources; the models were forced using the E-OBS gridded meteorological observations dataset. The filed data and model files are available from the Zenodo repository [20] (https://doi.org/10.5281/zenodo.7949930, last access date 26 August 2023).



2.1. Climate


The study site is characterized by a warm summer continental climate and, due to its increasingly warm winters, it is transitioning into a temperate oceanic climate, as the winter months have experienced the strongest rise in average temperature [22,23]. Precipitation generally increases during the winter months, but, during the rest of the year, the trends are not clear due to large variability [24]. According to the meteorological drought indices, the winter months experience increasingly wet conditions, while April, August and September demonstrate a strong trend towards increasingly dry conditions [25].




2.2. Study Site Description


According to the global ecosystem classification [26], the study sites can be attributed to different ecosystem functional groups under the temperate–boreal forest and woodland biome (T2) [27] Level 3 classification. Plot-1 is attributed to subtropical–temperate forested wetlands (TF1.2), where the black alder acts as an ecosystem engineer, building up hummocks that are not inundated, while the depressions in between are flooded for a large part of the year. Meanwhile, Plot-3 can be attributed to boreal and temperate montane forests and woodlands (T2.1), dominated by evergreen trees such as Scots pine Pinus sylvestris on a nutrient-poor rather coarse-grained soil with an intergrowth of black alder. Using other terminology, these sites can be considered as swamp–forest wetlands that experience soil oxygen depletion due to waterlogging during a significant portion of the growing season [28]. According to the EU Habitats Directive, these sites are similar to Fennoscandian deciduous swamp woods (Annex I habitat type code 9080).



2.2.1. Plot-1


Plot-1 was an elongated depression, with surrounding dryland areas about 1 to 3 m above its floor (Figure 1). The subsoil was composed of glacial sediments, mostly clay-rich till, sometimes with a thin weaner of outwash sands or glaciologic clays [29]. At nearby geological wells at a depth of 6 to 17 m from the soil’s surface, Permian limestones, Devonian sandstone and dolomite have been recovered [29,30]. Regionally, the study area is a recharge zone of artesian sub-quaternary aquifers [31], so no discharge of artesian groundwater was to be expected at the site. Site-1 had clear signs of continuous flooding, with water retreating from the soil surface only during dry summers.



The dominant tree species was the black alder. The surrounding elevated areas were dominated by a range of broadleaf species and Norway spruce (Picea abies).



The study site displayed a complicated microtopography of up to 0.5 m high peat hummocks mostly around tree stumps, with depressions in between them. The expressed microtopography provided a range of microenvironments [32], particularly providing pockets of aerated soil where uninterrupted root water uptake can take place during the events of partial flooding. A hydromorphic gley soil was found in Plot-1, with 15 cm (more in the hummocks) of black peat (O horizon, organic mater 73%) overlaying 25 cm of topsoil (A horizon), with an organic matter content of more than 9%. The soil parent material was loam to silty clay loam (according to particle size scales as defined by the USDA) glacial till diamicton parent material. Parent material below the A horizon had a light grey to bluish color that gradually changed to brownish at a depth of 2 m, indicating the reduction of trivalent (ferric) iron compounds close to the soil surface. This indicated mostly reducing but oscillating redox conditions [33]. A few fine roots were present within the soil matrix, at least up to a depth of 1.70 m.




2.2.2. Plot-3


Plot-3 was an elongated depression that lay less than 1 m below the surrounding flatland terrain. In nearby geological wells, below an about 10 m thick layer of sandy and silty sand sediments, a layer of glacial loam was recovered, overlaying upper Devonian dolomites at a depth of about 20 m [29,30]. This site was located at a reginal artesian groundwater discharge zone [34]. However, the modeled groundwater recharge was positive, i.e., water flowed into the soil [31]. Supposedly, the uppermost sand layer collects both the surface infiltration and artesian discharge and directs them towards nearby rivers.



The dominant tree species was black alder, with an admixture of birch Betula and Norway spruce Picea abies. Hydrophilic species were noted in the understory, such as common reed Phragmites australis and unidentified species from the rush family Juncaceae. The surrounding slightly elevated landscape was dominated by managed Scots pine forests.



An up to 25 cm thick organic-rich A horizon (organic matter at least 18%) was observed. The subsoil was silty sand and sand with diffuse and root-channel-associated staining of iron mineral precipitates closer to the surface and bluish tanning below a depth of about 1 m. These features suggested oscillating redox conditions and temporal anoxia [33]. A tap root with a 5 mm diameter was found even at a depth of 1.30 m, possibly extending deeper than this.





2.3. Soil Water Regime Observations


At both sites, two groundwater level loggers (at 1.0 and 2.4 m depth, Diver® CTD or MicroDiver) were installed. In addition, volumetric soil water content probes (Meter group Teros 11 at 0.1, 0.3 and 0.6 m depths for Site-1 and 0.1 and 0.6 m depths for Site-3) and soil water potential probes (Meter group Teros 21; 0.1 and 0.6 m depths for Site-1 and at a 0.6m depth at Site-3) were installed. The measurement interval was 1 h for the groundwater pressure probes and 15 min for the soil water probes. Observations from November 2020 up to March 2023 were available. Unfortunately, the data logger for soil water probe malfunctions and observations was only available starting from October 2021.




2.4. Model Setup


One-dimensional Hydrus-1D [19] soil water models were set up for each study site. A 5 m deep 3-layer soil profile was simulated with 1001 grid nodes. The simulation periods extended from 1 January 1980 to 30 June 2022, limited by the availability of the full set (temperature, precipitation, wind speed, air humidity, radiation) of parameters in the E-OBS dataset. However, the results were analyzed for the period from 1989 to 2021, where the most complete tree-ring chronology was available, thus allowing for a 9-year model spin-up time. Potential evapotranspiration was calculated using the Penman–Monteith equation [35,36], as implemented in the Hydrus-1S software [19].



2.4.1. Modeling Scenarios: Model Instances


In this study, we sought to investigate the interaction of the soil water regime and tree growth at hydric sites (forests with waterlogged soils for a significant portion of the year). The soil water regime is governed by the temporal balance between inputs (precipitation, groundwater exfiltration and surface run-on) and outputs (transpiration, evaporation, surface run-off and export to deep groundwater). It is well established that, in the study region, additional water supply is needed apart from precipitation to maintain hydric soil conditions in a forest ecosystem [3,37]. This additional water input can be surface run-on or groundwater exfiltration. The high leaf area index (LAI) of forests enables a high transpiration rate able to evaporate more water than the precipitation input in the study region [3]. Therefore, we designed model scenarios with a range of water inputs and a range of active proportions of LAI (kLAI). It has been shown that LAI is one of the most important parameters determining the forest water balance [16], where a high LAI corresponds to a high transpiration water demand.



We considered a simple conceptual model, where the constant-rate groundwater exfiltration was a single additional water source in the model domain, providing positive bias for the soil–water balance. After considering a range of preliminary model configurations with seasonal groundwater seep-in or run-on patterns [38], a simpler constant groundwater exfiltration boundary condition was selected. This simpler model configuration provided comparable results to more complicated seasonal additional water input conceptualizations. Four groundwater exfiltration scenarios were defined with 0, 0.01, 0.03 and 0.05 cm day−1 flow rates (SeepIn).



Potential transpiration rate is controlled by active leaf area, which is expressed as LAI. It is difficult to quantify LAI accurately. In temperate forests, it is highly variable and effects such as self-shading can render only some of the leaves as participating in transpiration. [39]. In this study, we obtained the LAI from a remote sensing data product [40] (see Section 2.8 with a nominal 300 m pixel size, exceeding the dimensions of the study plot. In addition, the actual active LAI value would be sensitive to ecosystem feedback and internal dynamics. Therefore, we investigated a range of scenarios where the daily LAI value was multiplied by a coefficient, kLAI (0.4, 0.5 and 0.7), to obtain the active LAI value.



For each study site, we defined 12 unique combinations of SeepIn and kLAI as model scenarios and invoked a corresponding number of unique model instances. The SeepIn and kLAI values were selected so that the range of respective model outputs, particularly the depth to the groundwater, enveloped the actual observations. Thus, we investigated the parameter space for the two crucial factors apart from actual meteorological conditions controlling the terrestrial ecosystems’ water balance.




2.4.2. Model Calibration and Uncertainty


We performed manual model calibration using the trial and error method. First, the soil water retention curve parameters measured in the laboratory were modified to resemble observed soil water potential and content ranges. Then, the ranges of the two most important, but uncertain, parameters governing the water balance—groundwater exfiltration and active leaf area—were explored. As a result, we selected a set of these parameters where the model output envelopes actually observed soil water regime for further analysis. Other studies using the Hydrus-1D model have employed similar manual calibration approaches [41].



The model uncertainty arose from model parameter uncertainties as well as from input data uncertainties. To gain a estimate of the calibrated model uncertainty, we assumed that the true output value could be anywhere (uniform distribution) between two model instances enveloping the model instance closest to observations. We calculated the difference between these model instances, converted it to standard distribution dividing by    3    and multiplying by 1.96 to obtain uncertainty at 95% confidence level (1):


   U p  =   1.96    3       ∑     (   p  m 1   −  p  m 2    )   N   



(1)




where    U p    is uncertainty for parameter  p ,  N  is the number of years values and    p  m 1   −  p  m 2     is the difference between mean parameter value two enveloping model instances from May to August (the season considered in the later analysis).




2.4.3. Soil Hydrological Properties


The soil hydrological properties—the water retention curve and hydraulic conductivity—were measured in the soil samples from shallow wells and excavations, targeting the depth intervals from 0 to 10cm, 20 to 30 cm and 40 to 60 cm. Soil monoliths were collected in 5 cm high 100 and 250 mL stainless steel cylinders along with unstructured samples.



The saturated hydraulic conductivity was measured according to the falling head method with an Eijkelkam Soil water permeameter [42] in 100 mL cylinders. The grain-size distribution, organic matter content and density of the solid particles of the unstructured samples were measured in line with the ISO 17892-4:2017, EN 13039:2012 and ISO 17892-3 standards, respectively, in a commercial laboratory.



The water retention curve and unsaturated hydraulic conductivity were determined using a Meter Hyprop2 system, which used two micro tensiometers to measure the water potential gradient in a sample that was subjected to air-drying [43]. The application of the boiling delay technique using degassed deionized water in the tensiometers extended the theoretical measurement range of the soil water potential up to −200 kPa. The estimated air-entry pressure (about −8800 kPa) of the tensiometers’ ceramic cup was set as an additional data point [44]. The micro tensiometers were filled with deionized and manually (with a syringe) degassed water. The samples were saturated by immersing them in deionized and degassed water. The initial sample water content during the analysis was estimated from the dry weight of the sample after the analysis by drying for 8 to 24 h at 105 °C.



The soil water retention and unsaturated hydraulic conductivity were described via the van Genuchten functions [45] using the Meters HYPROP-FIT software [46]. A unimodal pore size distribution was assumed. Clay-rich samples of the subsoil from Plot-1 expanded upon saturation by about 5%, which was already comparable to the plant-available water for the range between 0 and −1500 kPa for the soil water potential. To compensate for this deviation, in natural conditions, field measurements of the soil water content and potential were used to constrain the fitting of the van Genuchten parameters in HYPROP-FIT software. The resultant soil properties are presented in Table 2.





2.5. Meteorological Data: E-OBS


The model was forced using data from a gridded meteorological observation dataset E-OBS [47], version 26.0e. However, the v26.e version had unrealistically low precipitation for the study locations from 2009 to 2012 in comparison to the observations in nearby meteorological stations and the E-OBS v25.0e version. Therefore, we imputed the time series for these years from E-OBS v.25.0e into the dataset of E-OBS v26.0e. Data regarding daily mean wind speed, relative humidity, global radiation, precipitation and mean minimal and maximal air temperature for the respective grid cell were extracted. The E-OBS dataset was selected as a source for meteorological conditions as there were no meteorological station data available in the vicinity of the study site; the closest meteorological station in Dobele with long-term observations was about 30km from the site.




2.6. Root Depth Distribution


Rooting depth is a critical constraint of the soil water volume accessible to plants in periods when potential evapotranspiration exceeds precipitation; generally, it is a function of plants’ water acquisition strategies and local hydro-geomorphological conditions [48]. The authors of [49] proposed an empirical power Equation (2) to describe the cumulative proportion of fine root biomass ( y ) as a function of depth in cm ( D ) with a species-specific constant  β . The authors of [50] estimated the value of the  β  parameter for major biomes including boreal, temperate coniferous and deciduous forests (0.943, 0.980 and 0.967, respectively). We used the transformation (3) of (2) to describe the instantaneous root fraction for temperate deciduous forests (Table 3). Similar exponential root depth distributions have been used in other root water uptake studies, for example [51]. The root depth was cut off at 1 m below the surface.


  y = 1 −  β D   



(2)






    d y   d D   = −  β D  ln β  



(3)








2.7. Root Water Uptake Parameterization


Root water uptake is part of a complex interaction between soil, plants and the atmosphere, where the water in soil pores moves towards plant roots, is absorbed by plant roots (often assisted by rhizosphere fungus), transported in the plant in the xylem, evaporated in the air space between cells in the leaves and released into the atmosphere via stomata by means of diffusion. Any of the elements in this chain can limit the overall transpiration rate and, by extension, root water uptake [52].



In this study, a simplified parametrization of root water uptake proposed by [53] was used as implemented in the Hydrus-1D model [19]. In short, the root water uptake is expressed as a trapezoid function of the soil water potential. If the soil water potential is above a certain arbitrary “anaerobiosis point” (h0), no root water uptake takes place. However, if the water potential is less than this point, the water uptake rises sharply to reach its full potential quickly (h1) and remains as high as the second infliction point (h2) if the potential evapotranspiration is above some arbitrary threshold or (h3) if it is below it. As the soil water potential further decreases, root water uptake is reduced to zero at the wilting point (h4). In addition, following [54,55], a root adaptability factor is introduced, allowing for the compensation of reduced root water uptake in stressed parts of the root zone by increased uptake in non-stressed parts [19].



Alternatively, it has been suggested that simpler, and perhaps more realistic [56], root water uptake for variable soil water potential can be described by an S-shaped curve proposed by [57], requiring fewer parameters. However, this representation does not include a reduction in the root water uptake from waterlogged (anaerobically stressed) soils and thus was not suitable without modification for the given study of hydric forests.



In a theoretical study comparing a physically based root water uptake model [58] and several empirical models, Ref. [51] found that the optimal fitted parameters for the empirical models depended on the root density by soil volume, potential transpiration rate and soil type, in addition to plant characteristics. Thus, it appears that the optimal numerical values of empirical parameters, to some extent, are determined by their interaction with a range of processes. From this consideration, it follows that site-specific parameters determined elsewhere derived from the literature are of little use for a particular case study. This ambiguity can be identified in the scientific literature; for example, Ref. [59], in their model of apple tree root water uptake, obtained the Feddes’ parameters (h0, h1, h2 and h3 representing 0, −0.1, −10.0 and −150.0 m, respectively) from [60], who further referred to the original work of [53].



The roots of the black alder can grow below the water table in oxygen-deprived soil or directly in the water [61]. The tree tends to maintain high transpiration levels even if the topsoil is desiccated, drawing the water from deeper within the soil or groundwater [62]. In this study, we set the Feddes’ model parameters so that root water uptake was initiated at 0 soil water potential but decreased at a relatively high water potential (h0, h1, h2, h3 and h4 representing 0, −2, −200, −200 and −5000 cm, respectively). We set the critical stress index to 0.5, so that water uptake was largely compensated by non-stressed parts of the root system [54].




2.8. Leaf Area Index (LAI) Seasonal Trajectory Model


Leaf area index (LAI) is a crucial parameter for the forest water balance, as it influences both transpiration and interception. In a review examining global pine forest water balance, [16] found that LAI was the most important parameter (more important than photosynthetically active radiation (PAR)) in explaining the variations in canopy transpiration.



In this study, LAI was obtained from the Copernicus Global Land Service, hosted by the VITO NV based in Belgium (https://land.copernicus.vgt.vito.be; last visited on 2 September 2022 [63]), derived from PROBA-V (version 1.0), a miniature ESA satellite, and a Sentinel-3 Ocean and Land Colour instrument (OLCI; version 1.1) covering the period from 2014 to 2021. As a remote sensing product, this included all the green plant surfaces including understory vegetation [40] and LAI was expressed as half of the total green photosynthesizing surface, i.e., half of the total area of both sides of a flat leaf. LAI was provided on decadal (10-day) time steps; each time step represented the composite LAI value for the 10-day period before and after the given date in 0.003-degree (~300 m) resolution [40]. During the winter period, there were gaps in the 10-day LAI value time series.



It is well established that spring phenology in temperate humid climates is mostly temperature driven. So-called thermal time or degree day models are often used to predict the leaf-out dates [64,65]. This is consistent with the negative (early) trend for leaf-out dates in the study region [66]. There are some suggestions that the atmospheric water vapor pressure is a similarly important driver of spring phenology, but it is largely correlated with air temperature [67].



However, autumn phenology—leaf senescence—is more complicated and no clear patterns have emerged in the study region regarding leaf senescence [66]. This is in line with common assumptions that the day length and air temperature [68] are the main drivers, although the role of internal development (e.g., competence to senescence) has also been recognized [69]. Recently, it has been suggested that autumn senescence might be regulated by the sink limitation of photosynthesis [70]; as a result, early leaf-out and favorable growing conditions during the summer can result in earlier leaf senescence, irrespective of the air temperature in autumn, a phenomenon that has been widely studied for herbaceous plants (e.g., [71]).



2.8.1. LAI Model


The LAI seasonal trajectory was calculated using a simple degree day model for spring phenology that was used to stretch the long-term average seasonal trajectory, adjusting the start of the growing season:




	
As there were large gaps in the available LAI observations during winter, the winter background LAI value (  L A  I w   ) was calculated as the average of a few available LAI observations between days of the year from 320 to 100. This value was interpreted as green parts of conifers and overwintering bryophytes.



	
Continuous daily LAI time series were obtained by linearly interpolating the available LAI observations.



	
The start of the vegetation season (   S  s t a r t    ) was assumed to be the day of the year when the LAI value in spring exceeded that of the winter LAI by 1.5 (  L A  I w  + 1.5  ).



	
Furthermore, all the available observed seasonal LAI trajectories were aligned to match the start of the vegetation season (   S  s t a r t    ); the master seasonal trajectory (  L A  I  m a s t e r    ) was calculated as the daily median of the aligned LAI value for each day of the year except for winter (days of the year from 320 to 100).



	
The start of the vegetation season (   S  s t a r t    ) for each year was calculated using a simple degree day phenological model [64,72]. 1 January was set as the start of the degree day accumulation (   t 1   ) and the phase onset was assumed to match the date when the active temperature sum (  D D  ) exceeded the predefined value for daily average temperature (   T  a v g    ) and base temperature (   T  b a s e    ) (4):


  D D =   ∑   t =  t 1    t =  t 2     T  a v g   −  T  b a s e    



(4)







	
The aligned master trajectory (  L A  I  m a s t e r    ) was compressed or stretched to match the fixed end date (31 December) via proportionally thinning (removing an appropriate number of evenly spread daily LAI data points) or upscaling (inserting an appropriate number of new daily data points interpolating the LAI value), respectively, for late or early springs.



	
The most appropriate base temperature (   T  b a s e    ) and critical degree day (  D D  ) parameter set was selected by generating a range of base temperature (   T  b a s e    ) and critical degree day (  D D  ) values and selecting values that produced LAI trajectories with the least RMSE (root mean squared error) when compared to the observations.



	
Finally, the LAI seasonal trajectory for the model period was calculated with daily average temperature from the E-OBS dataset as the input.









2.8.2. LAI Seasonal Model Results


The best parameters for the LAI seasonal trajectory are presented in Table 4. The yearly LAI seasonal trajectories are presented in Figure 2. Finally, a visual comparison of the observed and modeled trajectories is provided in Figure 3.





2.9. Albedo


Albedo is an important element of the energy budget indicating the amount of radiation energy that is dissipated due to reflection. The surface albedo data were obtained from the EU Copernicus program SPOT/VEGETATION and its successor, the Proba-V satellites; the hemispherical surface combined near infrared and visible albedo at 1/112° (~1 km) resolution [73,74].



For Plot-1, the canopy reflectance (albedo) was between 0.1 and 0.2, while for Plot-3, it was between 0.09 and 0.16 (Plot-3) for most of the year but jumped to above 0.4 when snow cover was present. According to the E-OBS data, the incoming solar radiation was only about 20% of the year average radiation for the three winter months (December, January, February). Variation of the surface albedo by about 0.3 units would impact the overall radiation budget by less than 6%. Therefore, it was concluded that the snow’s impact on the albedo, and thus the energy budget, could be neglected. Similarly, if we were to adopt a dynamic albedo value based on leaf phenology for the period from March to November, ranging between 0.1 and 0.2, instead of a fixed average value between these two values, the overall impact on the energy budget would be less than 10%. Therefore, a monthly radiation-weighted average albedo for each study site was calculated: 0.17 for Plot-1 and 0.12 for Plot-3.




2.10. Interception


Interception is the process of the vegetation trapping rain droplets before they reach the soil surface. Experimentally, it is usually measured as the difference between clear sky rainfall and rainfall below the canopy [16]. However, the heterogeneity of the canopy resulting in different throughfall at different locations and stemflow [75] can complicate this approach. Even more so, when a rain droplet hits a leaf surface, it disintegrates and some smaller daughter droplets can be transferred back into the atmosphere. In addition, as soon as the rainwater has been intercepted by the leaf, it can start to evaporate, using the sensible heat energy stored in the biomass or air [75].



In the Hydrus model, the canopy interception is calculated as a function of LAI, supplemented by an empirical parameter, the interception parameter [19]. In this study, we used the recommended empirical value of 0.25 mm/d as implemented in the SWAP model [76]. This value was empirically determined in the Netherlands for common crops. However, in other forest studies considering beech (Fagus sylvatica L.) and Norway spruce (Picea abies (L.)), considerably higher interception values (1.5 to 2 mm/day) have been used [77,78].




2.11. Tree-Ring Chronology


The field campaign was carried out in spring 2022. Black alder trees were selected in two sampling sites. A total of 30 individuals of black alder were sampled (15 individuals at each sampling plot), in line with the guidelines provided by [79]. Trees were cored with a standard 5 mm increment borer, taking one or, in most cases, two opposite cores at DBH. The cores were air-dried and gradually sandpapered (from 80 to 500 grade) to produce a flat and polished surface where tree-ring boundaries were easily identified under magnification. Tree-ring widths were measured with an accuracy of 0.01 mm using a linear table Lintab and the TSAP-Win program [80]. The accuracy of the visual cross-dating and the existence of measurements errors were examined using the program COFECHA [81], which calculates cross-correlations amongst individual series of tree growth.



To assess the influence of hydrology on the growth of black alder, for each sampling plot, tree-ring width series were detrended using a modified negative exponential curve, using the package dplR [82] in program R [83]. These were then combined to build a residual chronology after applying auto-regressive modeling [84]. Thus, a detrended time series was obtained, emphasizing year-to-year variability and omitting tree age and other long-term controls of the ring width.




2.12. Analysis and Interpretation


The interaction of the tree-ring-width increment with meteorological and modeled hydrological parameters was assessed using Pearson’s product moment correlation. The uncertainty of the correlation was calculated for a 95% confidence level in R (function cor.test, [85]). To assess the importance of the soil water regime variations throughout the growing season, we considered mean parameter values for a sliding-window period from May to August (May, May–June, May–July, May–August, June–August, July–August, August).



The considered monthly mean meteorological parameters were wind speed (Wind, km/day), precipitation (Prec, cm day−1), solar radiation (Rad, MJ m−2 day−1) and daily mean temperature (Temp, °C). High wind speeds due to increased boundary layer mixing can increase evapotranspiration. Precipitation provides crucial ecosystem moisture input, but, if excessive, can cause soil waterlogging detrimental to tree growth. Solar radiation is the primary energy source both for photosynthesis and evapotranspiration. Air temperature is another primary factor controlling both vegetation development and evapotranspiration. These data were extracted from the E-OBS dataset [47].



The considered monthly mean modeled soil water parameters were the depth to groundwater from soil surface (GWdepth, cm), difference between maximum and minimum depth to groundwater (rangeGWdepht, cm), potential root water uptake (rRoot, cm day−1), actual modeled root water uptake (vRoot, cm day−1) and ratio between actual and potential root water uptake (vRoot_rRoot). A groundwater table close to the soil surface indicates waterlogged soil conditions, while a moderately deep groundwater can provide an additional water source for the vegetation. It has been reported that high fluctuations in the depth to groundwater can negatively affect the radial growth due to stressed root systems [86]. The potential root water uptake is the amount of water that would be needed to fully support transpiration demand under given meteorological conditions, while the actual root water uptake is the measure of the water that the vegetation is able to extract from the soil given the soil water potential and model constraints for the root water uptake. vRoot can be considered a proxy for primary production, as the exchange of water vapor and CO2 across stomata is proportional for given meteorological conditions. For each of the study plots, the results from 12 model instances with different values for kLAI (proportion of active leaf area index) and groundwater exfiltration were examined.





3. Results


3.1. Tree-Ring Chronology


Here, we briefly present the tree-ring chronologies (Figure 4) for the two study plots and then explore correlations between yearly tree-ring increment and meteorological and soil water parameters.



3.1.1. Plot-1


In Plot-1, the black alder tree-ring chronology started in the early 1950s. However, it was initially represented by only five trees, while most of the other trees appeared to be established shortly before 1989. The tree-ring-width increments gradually decreased, indicating the maturation of new tree stems. The presence of decayed tree stumps indicated a logging event during this time; trees regrew from new roots and stem shoots. Some of the older tree population survived this forest clearing event.




3.1.2. Plot-3


In Plot-3, the current black alder population appeared to have been established in the 1930s or shortly before that. Initially, the yearly tree-ring growth increments were wide but gradually declined up to 1960; since then, the yearly ring width has remained relatively stable.





3.2. Soil Water Models


For each of the study sites, 12 instances of the Hydrus-1D soil water model were invoked. Each model instance had a unique combination of the active LAI proportion (kLAI equal to 0.4, 0.5 or 0.7) and groundwater exfiltration (SeepIn equal to 0, 0.01, 0.03 and 0.05 cm day−1). Each model configuration was selected after a range of test model runs (not shown) to examine a range of possible soil water regimes in these hydric sites. The model results were then compared to the actual soil water observations and tree-ring chronology for each study site.



According to the root mean squared error (RMSE) for groundwater head at a 240 cm depth for Plot-1, the best-performing model had a kLAI of 0.5 and groundwater exfiltration of 0.05 cm day−1, while, for Plot-3, the best-performing model had a kLAI of 0.4 and exfiltration of 0.03 cm day−1 (Table 5). Model performance according to other observed soil water characteristics (water content and potential) and metrics (RMSE, mean signed difference and R-squared) was similar, albeit less robust (Supplementary Material, Table S1). However, the groundwater head was the most robust parameter describing the soil water regime in wetlands; therefore, we primarily used it to evaluate the model performance.



Comparing the model output to the observed groundwater level, we observed that model instances with a moderate to small kLAI generally reproduced the observed groundwater level better than model instances with a high kLAI (Figure 5 and Figure 6). In the case of Plot-1, the simulated groundwater head was closest to the observations for the model instance with the highest tested groundwater exfiltration (0.05 cm day−1) and a moderate kLAI (0.5; Table 5). In the case of Plot-3, the model that performed best had moderate groundwater input (0.03 cm day−1) and the lowest kLAI (0.5).



We estimated that the mean uncertainty for the period from May to August in analyzed years from 1989 to 2021 of the model with best representation of the observed conditions in terms of depth to groundwater was 14 and 25 cm for Plot-1 and Plot-3, respectively. The estimated range from depth to groundwater was 22 and 16 cm and the root water uptake was 0.02 and 0.08 cm day−1.



As expected, model instances with a higher kLAI and less groundwater exfiltration produced results with limited or no waterlogged soil conditions (Figure 7 and Figure 8), while models with smaller kLAI values and a higher groundwater input displayed predominantly waterlogged soil conditions. Particularly, in Plot-3, the model instance with a kLAI of 0.7 and low groundwater exfiltration produced a dramatically low groundwater table and local groundwater recharge only during the wettest of years (Figure 8). Such model behavior indicated that all incoming precipitation was stored as soil–pore water and that capillary rise into the root zone through subsequent root water uptake consumed the groundwater exfiltration. Interestingly, several model instances of Plot-1 produced a higher range of groundwater level fluctuations, with multiyear periods of low or high average groundwater. In the same time period, the year-to-year fluctuations of the groundwater and soil water regime for Plot-3 were more stable. It must be noted that the drought years of 1992 to 1994 and 2018 and 2019 stood out prominently in the modeled water regime in both study sites. The former period has been noted as a groundwater drought in the Baltic region [87], while the latter two years are well known European drought years [88]. Overall, it can be noted that progressively dryer conditions, displaying a deeper average groundwater table, were simulated towards the end of the study period.




3.3. Correlation between Meteorological and Soil Water Conditions and Tree-Ring Chronology


The overall length of the black alder tree-ring chronology in Plot-1 was 68 years, starting in 1954, while in Plot-3, the chronology length was 90 years, starting in 1932 (Figure 4). The number of sampled trees in Plot-1 rose sharply in 1989. Apparently, at this point, a regrowth of black alder took place after forest clearing. Such a forest-management action would significantly affect the water regime and therefore would not be represented in our model with static stand characteristics. In addition, the forest floor’s hydrological properties can change significantly after forest clearing and can recover gradually over the course of a period of several years [89]. Therefore, for the sake of consistency, we limited the analysis for both study sites to a 32-year period from 1989 to 2021.



3.3.1. Meteorological Conditions


In the case of Plot-1, the tree-ring increment displayed no significant correlations with meteorological parameters (Figure 9, Supplementary Materials Table S2). However, a tendency could be noted in which higher temperature and radiation in May were associated with higher tree-ring increments, which reversed later in the season.



In the case of Plot-3, the tree-ring increment’s correlation with meteorological parameters was overall higher; notably, temperature had a significant positive correlation with tree-ring increment during most of the growing season, except at its start (Figure 9). Precipitation had a significant positive correlation with tree-ring increment at the beginning of the summer. Interestingly, wind speed had a negative correlation with tree-ring increment. For some parameters and time intervals, opposite signs of correlation were observed. However, these were not significant at a 95% confidence level and therefore might not represent any real relationship.




3.3.2. Modeled Soil Water Conditions


For Plot-1, the depth to the groundwater (GWdepth, Figure 10, Supplementary Materials Table S3) displayed a positive, but not significant, correlation for most of the model instances, i.e., deeper groundwater was correlated with better growing conditions. This correlation grew stronger for the summer months in the “driest” of the model instances. Interestingly, the range of depth to groundwater (rangeGWdepth) had a positive significant correlation with tree-ring increment for the spring months in the case of the “driest” model instances as well. This rangeGWdepth parameter could reflect the same phenomenon as the vRoot parameter: drawdown of the groundwater table due to root water uptake. The actual root water uptake (vRoot) displayed a significant positive correlation in May but a negative, but not significant, one later in the summer, suggesting that a higher transpiration water demand in spring as well as a lesser demand in summer favored tree growth. For this hydric site, this observation contradicted a more general finding that any positive effect on growth in early spring tends to be offset by drought stress in the summer [18]. The actual modeled root water uptake (vRoot), as well as the ratio between the potential and actual root water uptakes, had a positive and often significant correlation in spring and the beginning of summer. However, this correlation decreased for the later part of the summer. Notably, these correlations were generally stronger for dryer model instances (a higher LAI and lower groundwater exfiltration). These observations indicated the importance of meeting the transpiration water demand for the first half of the growing season in setting the growth trajectory for the rest of the season.



In the case of Plot-3, the tree-ring increment generally had an insignificant correlation with the modeled soil water parameters. However, its correlation with the depth to groundwater (GWdepth, Figure 11) was generally negative, i.e., deeper groundwater was not conductive to tree-ring growth. The range of the depth to the groundwater (rangeGWdepth) did not display a clear trend either. The potential root water uptake (rRoot) had a positive but insignificant correlation at the beginning of the growing season, indicating the importance of warm springs for facilitating growth. It could be noted that the highest positive correlation between tree-ring growth and actual water uptake was observed for model instances with the highest kLAI. The correlation between the tree-ring increment and the ratio between actual and potential root water uptake (vRoot_rRoot, Figure 11) varied among model instances, but was mostly neutral or negative, indicating that, if the modeled transpiration water demand was not met, (low vRoot and rRoot ratio), the respective tree-ring increment was wider.



Contrasting patterns of correlations between tree-ring increment and modeled soil water parameters were observed for Plot-1 and Plot-3. In the case of Plot-1, the correlation with meteorological parameters was insignificant, while the modeled actual root water uptake and the ratio between actual and potential root water uptake often had a significant positive correlation with the tree-ring increment. Meanwhile, in the case of Plot-3, the correlation with the meteorological parameters—mean temperature and precipitation—was positive and significant, while the correlation with the modeled soil water parameters was insignificant.






4. Discussion


We used one-dimensional soil water models to simulate water regimes at two hydric forest plots, informed by field observations and forced by an E-OBS gridded meteorological observation dataset. Twelve instances of each of the models were invoked by defining a range of active leaf area proportions (kLAI 0.4, 0.5 and 0.7) and groundwater exfiltration levels (water seep-in into soil profile; 0.00, 0.01, 0.03 and 0.05 cm day−1). We showed that the considered ranges of these two parameters resulted in contrasting soil water regimes, ranging from desiccated to predominantly waterlogged soil conditions during the growing season. Major differences emerged when comparing the model output to local tree-ring chronologies for the two study sites.



The black alder is a wetland-adapted tree species with a two-tier root system, comprising a dense network of shallow, often adventitious, roots for nutrient extraction and well-developed taproots to access groundwater during times of soil water scarcity [61]. The roots are adapted to growing in oxygen-deprived soils. A high transpiration rate of the black alder has been observed, even when the topsoil water potential drops sharply and perennial vegetation wilts permanently, instead of regulating stomata conductance [62]; therefore, the transpiration remains high as long as there is water available in a relatively deep root zone. We observed tap roots at a depth of up to 1.3 m and small roots at a depth of up to 1.7 m. However, in our model, the rooting depth was limited to 1 m.



4.1. Hydrological Coupling and Decoupling


The model results indicate that, along with precipitation, significant additional water input is needed to maintain the observed soil water regime at the study sites (Figure 5 and Figure 6). The study sites are non-riparian wetland forests. Therefore, the additional water input must come in the form of surface run-on or groundwater exfiltration, sourced from surrounding slightly elevated (Figure 1) areas. Thus, it is possible to claim that the wetland forest areas—water receptors—are hydrologically coupled with the upland (water source) areas.



The two studied forest plots had a contrasting correlation pattern with the modeled soil water regime and yearly tree-ring increment. In Plot-1, on average, large fluctuations in the yearly groundwater level were observed and the higher modeled actual root water uptake in spring aligned with wider tree rings (Figure 10). It appeared that high root water uptake in spring determined the radial growth rate for the given year. In contrast, in Plot-3, the yearly groundwater fluctuations were smaller (Figure 7 and Figure 8) and no significant correlation between the models’ soil water parameters and tree rings was detected (Figure 11).



Contrasting conceptual models of the hydrological coupling between the elevated (water source) areas and the studied depression (water recipient) areas regarding additional water input for the two sites can be observed (Figure 12). Geomorphologically, the two sites were similar: shallow depressions on a forested plain. However, in Plot-1, the subsoil material was heavy silty clay loam, while, in Plot-3, it was loamy sand or sand (Table 2). The hydraulic conductivity as well as the plant-available water storage capacity of the subsoil material were much lower in Plot-1 than in Plot-3. It appeared that, during high-water periods from late autumn to spring, the run-off from surrounding areas entered Plot-1 as intermediate flow within the upper high-conductivity part of the soil profile. In contrast, the excess water entered Plot-3 as groundwater flow. During low-water seasons—summer and early autumn—the depression in Plot-1 was effectively hydrologically isolated (decoupled) from the surrounding elevated areas. Little to no horizontal soil or groundwater transfer between the depression and elevated areas can be expected. Meanwhile, in Plot-3, the groundwater flow can relatively freely redistribute water between macro-environments; depressions and elevated areas were hydrologically coupled. Thus, the differences between the two sites regarding the soil water regime emerged during summer.



The dynamics proposed in this paper are supported by the observed correlation pattern between hydro-meteorological parameters and local dendrochronology. At the start of the growing season, the increasing transpiration in surrounding elevated areas would drive down the groundwater table in both sites. For the water regime of Plot-1, it would have little to no effect, as the low-conductivity subsoil limited groundwater flow. Meanwhile, in Plot-3, the transpiration in surrounding elevated areas decreased the water table in hydric depressions as well, providing for better soil aeration and correspondingly enabling root water uptake. In Plot-3, the highest positive correlation of the tree-ring increment with the actual water uptake was observed for the two “driest” model instances (highest LAI and lowest water supply: P3_0.7_0.01_Seep_In and P3_0.7_0.00_Seep_In; (Figure 11)), which represented the conditions expected in the surrounding elevated areas. This is why we saw opposite correlations in Plot-1 and Plot-3 between the tree-ring increment and depth to groundwater and actual root water uptake (Figure 11 and Figure 12).



We propose that the subsoil’s hydrological properties determine whether hydric forest sites remain hydrologically coupled with the surrounding elevated water-source areas or become decoupled during the dry season. Hydric forests on clay-rich soils with low hydrological conductivity become effectively decoupled from the surrounding elevated areas, while hydric forests on sandy soils remain hydrologically coupled with the surrounding elevated areas by the groundwater flow. These differences determine how the sites react to meteorological conditions. The soil water regime in low-soil-conductivity sites is driven by the local balance between evapotranspiration, precipitation and soil water storage, while in sandy soil sites, the growing season’s water balance can become dominated by processes taking place in surrounding elevated areas. Although water transfer in the form of groundwater flow from upland areas to depressions is well established [90], this process can be a seasonal phenomenon in some locations and continuous in others as a function of the soil type.




4.2. Implications of the Hydrological Coupling/Decoupling


In the following paragraphs, we present several examples where the observed hydrological phenomena can be better understood by applying the concept of the hydrological coupling and decoupling of the topographic or hydrological elements of the landscape.



Perhaps an extreme example of a strongly coupled hydrological regime is the decadal water level fluctuations of the Kurtna Lake district in Estonia [91]. It was suggested that, at this site, the destruction and regrowth of a pine forest modified the balance between precipitation and transpiration, causing decadal fluctuation of the lake level by more than 3 m. The coupling between the lake level and the water balance of the surrounding hills was enabled by the sand and gravel subsoil material of the kame field. This would not be possible if the lake depressions and surrounding elevated areas were hydrologically decoupled.



In water-limited boreal environments and periods, the hydrological flow comes from the wetlands to the surrounding elevated areas due to the higher LAI and hence potential transpiration of the upland vegetation [14]. However, this flow can be significant only if the two systems are hydrologically coupled, i.e., if the subsoil hydraulic conductivity is sufficiently high to enable the transfer of meaningful volumes of water via groundwater flow. In the subsurface, the presence of a groundwater head gradient does not indicate water flow per se, rather the opposite: steep gradients develop in sites where there is limited flow, as, otherwise, the flow would smooth the gradient. Indeed, in the observed groundwater head, the gradient from wetland to upland was lowest in the sites with higher conductivity [14], indicating stronger coupling between hydrological elements of the landscape.



In settings with higher elevation differences and/or a heterogenous geological structure, the thresholds for seasonal hydrological coupling/decoupling might not be reached. Groundwater export from uplands can ensure continuous water supply to the wetlands in depressions despite strong (more than one order of magnitude) [92] discharge variability or changing water sources [93], where the tile drainage can be one of the most important run-off-forming components [94]. In such locations, continuous soil waterlogging can prevent the establishment of forest ecosystems. However, as this study has shown, if the groundwater exfiltration decreases below a certain threshold, forest transpiration can enable soil aeration and thus the establishment of a forest ecosystem. Thus, the seasonal hydrological decoupling of uplands and depressions is key for the establishment of forest ecosystems instead of peatlands [3].



Along with water, plant nutrients such as phosphorus and nitrogen are exported from elevated areas to depressions [95] (hydric sites). It can be expected that, during the periods when such depressions are flooded, plant roots grow into the water puddles, extracting nutrients directly from the water. It has been shown with maize (Zea mays) as the model species that even dryland plants are able to offset the detrimental effects caused by soil waterlogging by extracting nutrients directly from the water, with new adventitious effects [96]. Fine tree roots in temperate and boreal climates have a life span of mostly less than 5 years [97]; therefore, it can be expected that wetland-adapted plants such as black alder will opportunistically explore flooded environments to benefit from the extra nutrients flushed from water-source areas. In addition, root growth directly in the water can increase root water uptake and help drive down the water table in the beginning of the growing season, facilitating the establishment of aerated soil conditions.



The seasonal coupling and decoupling of hydric sites to and from upland sources have implications for the introduction of continuous-cover forestry as a forest soil management strategy in northern settings. In continuous-cover forestry, only a certain proportion of the trees are harvested in order to keep the transpiration of remaining trees sufficiently high, preventing soil waterlogging during the growing season and thus eliminating the need for the maintenance of drainage networks [9,10]. It can be speculated that, in hydric sites that become decoupled from water-source areas during the growing season, the effects of continuous-cover forestry would be much stronger than in other cases where such decoupling does not take place.



The proposed coupling of the hydrological regime is likely to act as a primary control on groundwater table dynamics, controlling most of the aspects of the groundwater level, such as amplitude, seasonality, inter-annual variability, boundedness and others [98]. The seasonal coupling/decoupling is an important aspect that needs to be considered when exploring the use of similarity-based approaches in predicting the seasonal dynamics of the groundwater head in ungauged locations [99]. The hydrological coupling/decoupling of different landscape elements acts as a primary control of the groundwater level’s seasonality; it is controlled by the subsoil’s hydrological properties, primarily its hydrological conductivity.





5. Conclusions


Wet conditions in hydric sites in hemiboreal lowland forests are often maintained via groundwater exfiltration or run-on from surrounding elevated areas and the water recipient hydric sites are hydrologically coupled to the water-source areas. We set up Hydrus-1D soil water models for two study sites and explored the model output for 12 instances with variable active proportions of leaf area and groundwater exfiltration rates. These two parameters could balance each other out, as the model yielded similar results with different parameter values. Furthermore, we compared the model output to the residual tree-ring chronology for the two study sites. It was found that at the clay soil site, the modeled root water uptake had a significant positive correlation with residual tree-ring chronology, while at the sandy soil site, tree-ring chronology had a stronger correlation with the meteorological conditions, namely precipitation and temperature. In addition, we can observe a trend towards dryer less waterlogged soil conditions, which ought to favor forest growth in these study locations.



We conceptualize that the water-source and -recipient sites can become decoupled during the dry season (when evapotranspiration is higher than precipitation) if the subsoil’s hydraulic conductivity is low, while they can remain coupled if the conductivity is high. Hydric forests on clay-rich soils with low hydrological conductivity become effectively decoupled from the surrounding elevated areas, while hydric forests on sandy soils remain hydrologically coupled with the surrounding elevated areas due to the groundwater flow. These differences determine how the sites react to meteorological conditions. The soil water regime in the low-soil-conductivity sites is driven by the local balance between evapotranspiration, precipitation and soil water storage, while in the sandy soil sites, the growing season’s water balance can potentially be dominated by processes taking place in surrounding elevated areas. This behavior is reflected in the soil water regime and the radial growth rate of the trees and can have implications for the forest management practices of these sites.
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Figure 1. Study site locations, overview map from European Commission, Eurostat (EuroGeographics), digital elevation model [21] derived from lidar data. 
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Figure 2. Simulated and observed [40] gap-filed yearly LAI trajectories for the two study sites. 
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Figure 3. Comparison between observed [40] gap-filed (LAI_proba) and model (LAI_model) LAI for the two study sites. 
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Figure 4. Tree-ring chronology for the study sites Plot-1 and Plot-2, where N stands for sample depth (number of trees); the tree ring index is the residual chronology (detrended tree-ring chronology) and the ring width is the individual tree-ring width (grey lines) and mean chronology (thick black line). 
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Figure 5. Modeled and observed depth to groundwater at the study site Plot-1 for the 12 model scenarios. Horizontally spaced facets represent the kLAI (proportion of active LAI); vertically spaced facets are the rate of groundwater exfiltration (cm day−1). 
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Figure 6. Modeled and observed depth to groundwater at the study site Plot-3 for the 12 model scenarios. Horizontally spaced facets represent the kLAI (proportion of active LAI); vertically spaced facets are the rate of groundwater exfiltration (cm day−1). 
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Figure 7. Simulated depth to groundwater for Plot-3. Note that a depth to groundwater greater than 240 cm is not shown. 
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Figure 8. Simulated depth to groundwater Plot-3. Note that a depth to groundwater greater than 240 cm is not shown. 
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Figure 9. Pearson correlations between the mean meteorological parameters and the residual tree-ring chronology: Wind—wind speed (km/day); Temp—air temperature (°C); Rad—solar radiation (MJ m−1 day−1); Prec—precipitation (cm); M—May; MJ—May–June; MJJ—May–July; MJJA—May–August; JJA—June–August; JA—July–August; A—August. The horizontal error bars represent the 95% confidence interval for the correlation coefficient and the green bars are correlation significant at 0.05 level. 
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Figure 10. Correlation matrix between modeled monthly soil and groundwater parameters and tree-ring residual chronology for the study site Plot-1: GWdepth—mean depth to groundwater (cm); rangeGWdepth—difference between maximal minimal GWdepth (cm); vRoot—modeled mean actual root water uptake (cm day−1); vRoot_rRoot—ratio between modeled mean actual and potential root water uptake; M—May; MJ—May–June; MJJ—May–July; MJJA—May–August; JJA—June–August; JA—July–August; A—August. The horizontal error bars represent the 95% confidence interval for the correlation coefficient and the green bars are correlation significant at 0.05 level. Missing data are model instances where fewer than 20 observations of the parameter were available. Missing data are model instances where, for more than 20 years, depth to groundwater (GWdepth) was not estimated, as the water potential at a 240 cm depth was less than 0. 






Figure 10. Correlation matrix between modeled monthly soil and groundwater parameters and tree-ring residual chronology for the study site Plot-1: GWdepth—mean depth to groundwater (cm); rangeGWdepth—difference between maximal minimal GWdepth (cm); vRoot—modeled mean actual root water uptake (cm day−1); vRoot_rRoot—ratio between modeled mean actual and potential root water uptake; M—May; MJ—May–June; MJJ—May–July; MJJA—May–August; JJA—June–August; JA—July–August; A—August. The horizontal error bars represent the 95% confidence interval for the correlation coefficient and the green bars are correlation significant at 0.05 level. Missing data are model instances where fewer than 20 observations of the parameter were available. Missing data are model instances where, for more than 20 years, depth to groundwater (GWdepth) was not estimated, as the water potential at a 240 cm depth was less than 0.
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Figure 11. Correlation matrix between modeled monthly soil and groundwater parameters and tree-ring residual chronology for the study site Plot-3: GWdepth—mean depth to groundwater (cm); rangeGWdepth—difference between maximal minimal GWdepth (cm); vRoot—modeled mean actual root water uptake (cm day−1); vRoot_rRoot—ratio between modeled mean actual and potential root water uptake; M—May; MJ—May–June; MJJ—May–July; MJJA—May–August; JJA—June–August; JA—July–August; A—August. The horizontal error bars represent the 95% confidence interval for the correlation coefficient and the green bars are correlation significant at 0.05 level. 






Figure 11. Correlation matrix between modeled monthly soil and groundwater parameters and tree-ring residual chronology for the study site Plot-3: GWdepth—mean depth to groundwater (cm); rangeGWdepth—difference between maximal minimal GWdepth (cm); vRoot—modeled mean actual root water uptake (cm day−1); vRoot_rRoot—ratio between modeled mean actual and potential root water uptake; M—May; MJ—May–June; MJJ—May–July; MJJA—May–August; JJA—June–August; JA—July–August; A—August. The horizontal error bars represent the 95% confidence interval for the correlation coefficient and the green bars are correlation significant at 0.05 level.



[image: Forests 14 01734 g011]







[image: Forests 14 01734 g012] 





Figure 12. The conceptual model of the hydrological coupling/decoupling of water donor (elevated areas) and water recipient (terrain depressions) areas. During the winter, water flows from elevated areas to depressions, but in summer, at sites with low-permeability clay soils, no water transfer between landscape domains takes place. However, in the high-permeability sand-soil sites, water is continuously redistributed between landscape domains. 
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Table 1. Summary information for the two study plots.






Table 1. Summary information for the two study plots.





	Parameter
	Plot-1
	Plot-3





	Lat.
	56.4640
	56.7146



	Lon.
	23.0078
	23.7426



	Yearly mean temperature *
	7.2 °C
	7.1 °C



	Warmest month, mean temperature *
	July, 17.4 °C
	July, 17.0 °C



	Coldest month, mean temperature *
	February, −2.7 °C
	February, −2.7 °C



	Yearly mean precipitation *
	580.5 mm/year
	651.1 mm/year



	Wettest month, mean precipitation *
	July, 77.1 mm/moth
	July, 82.1 mm/month



	Driest month, mean precipitation *
	March, 29.6 mm/moth
	March, 33.8 mm/month



	Elevation
	91.75 m a.s.l.
	5.22 m a.s.l.



	Dominant tree species
	Alnus glutinosa
	Alnus glutinosa



	Tree height **
	20 m
	20 m







* Data from the SLLC “Latvian Environment, Geology and Meteorology Centre”. Nearest meteorological station: Doble for Plot-1 and Jelgava for Plot-3. Climate normal period: 1991–2020 (https://videscentrs.lvgmc.lv/lapas/latvijas-klimats, visited on 14 April 2023). ** LIDAR data from 2014, obtained from the Latvian Geospatial Information Agency (available at https://www.lgia.gov.lv/en/Digit%C4%81lais%20virsmas%20modelis, last visited 1 December 2022).













 





Table 2. Soil properties.






Table 2. Soil properties.





	

	

	

	
Soil Composition (% Dry Weight)

	
Van Genuchten–Mualem Parameters




	
Site

	
Depth (cm)

	
Model Layer No.

	
Org. Mater

	
Sand

	
Silt

	
Clay

	
Qr (cm3 cm−3)

	
Qs (cm3 cm−3)

	
Alpha (cm−1)

	
n

	
Ks (cm day−1)

	
l






	
Plot-1

	
0.02–0.07

	
1

	
73%

	

	

	

	
0.244

	
0.899

	
0.224

	
1.405

	
1898.8

	
−0.797




	
Plot-1

	
0.25–0.30

	
2

	
8.6%

	
15.6

	
60.2

	
24.2

	
0.250

	
0.507

	
0.3377

	
1.149

	
424.7

	
−1.474




	
Plot-1

	
0.63–0.68

	
3

	
3.1%

	
27.9

	
46.6

	
25.5

	
0.290

	
0.41

	
0.0200

	
2.000

	
1.08

	
−0.797




	
Plot-3

	
0.02–0.07

	
1

	
18.5%

	
68.8

	
31.2

	
0.0

	
0.026

	
0.817

	
0.0251

	
1.380

	
731.1

	
5.317




	
Plot-3

	
0.12–0.17

	
2

	
18.5%

	
68.8

	
31.2

	
0.0

	
0.075

	
0.656

	
0.0328

	
1.305

	
172.1

	
1.718




	
Plot-3

	
0.61–0.65

	
3

	
0.9%

	
94.5

	
5.5

	
0.0

	
0.029

	
0.375

	
0.0200

	
1.835

	
6.08

	
0.391











 





Table 3. Relative fine root proportion at different depths for temperate deciduous forests from [50].
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	Depth (cm)
	Boreal
	Temperate Deciduous
	Temperate Coniferous





	0
	1.00
	1.00
	1.00



	25
	0.23
	0.43
	0.60



	50
	0.053
	0.19
	0.36



	100
	0.0028
	0.035
	0.13



	200
	0
	0.0012
	0.018










 





Table 4. Best-fit parameters for the LAI seasonal trajectory model.






Table 4. Best-fit parameters for the LAI seasonal trajectory model.





	Site
	RMSE *
	     T  b a s e      
	    D D    
	    L A  I w     
	    S  s t a r t      (DoY)





	Plot-1
	0.36
	2.5
	260
	0.99
	129



	Plot-3
	0.21
	1
	565
	1.53
	147







* RMSE—root mean squared error













 





Table 5. The root mean squared error (RMSE) of groundwater head (cm) at a 240 cm depth. Notice that, for each of the two case studies, a group of higher-performing models stand out with a relatively small proportion of active leaf area (kLAI) and a larger additional moisture in-flow in the form of groundwater exfiltration (SeepIn), thus indicating that reduced transpiration and/or a high water supply are needed to maintain the observed wetness levels of the study sites.
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Site

	
SeepIn (cm day−1)

	
Par

	
kLAI




	
0.4

	
0.5

	
0.7






	
Plot-1

	
0

	
h_240 cm

	
250

	
280

	
320




	
Plot-1

	
0.01

	
h_240 cm

	
200

	
240

	
270




	
Plot-1

	
0.03

	
h_240 cm

	
74

	
170

	
210




	
Plot-1

	
0.05

	
h_240 cm

	
29

	
18

	
160




	
Plot-3

	
0

	
h_240 cm

	
170

	
280

	
NA




	
Plot-3

	
0.01

	
h_240 cm

	
120

	
230

	
300




	
Plot-3

	
0.03

	
h_240 cm

	
31

	
160

	
230




	
Plot-3

	
0.05

	
h_240 cm

	
42

	
79

	
200
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