

  applsci-12-02411




applsci-12-02411







Appl. Sci. 2022, 12(5), 2411; doi:10.3390/app12052411




Article



Long Term Trends of Base Cation Budgets of Forests in the UK to Inform Sustainable Harvesting Practices



Elena Vanguelova *, Sue Benham and Tom Nisbet





Forest Research, Alice Holt Lodge, Farnham GU10 4LH, Surrey, UK









*



Correspondence: elena.vanguelova@forestresearch.gov.uk







Academic Editor: Stefan Fleck



Received: 3 September 2021 / Accepted: 3 February 2022 / Published: 25 February 2022



Abstract

:

There is growing concern in the UK that available base cation pools in soil are declining due to the combined effects of acid deposition and forest harvesting. To help inform the issue, elemental mass balances for calcium (Ca), magnesium (Mg) and potassium (K) were calculated using more than 10-years (10–24 years) of data from the UK’s ICP Forest Intensive Monitoring Network (Level II) of plots, covering a range of soil types and three tree species—oak, Scots pine and Sitka spruce. Out of the ten sites investigated, small negative Ca balances were observed at three sites and negative K balances on two sites, all on acid geology and nutrient poor soils, which were previously heavily acidified due to acid deposition. There is sufficient Ca and K in the soil exchangeable pool to sustain forest growth on these sites, however, if the present rate of Ca and K loss continues forest health and productivity are likely to be threatened within a few forest rotations. Magnesium showed a positive balance at all but one site, partly sustained by marine deposition. Base cation budgets were significantly (p < 0.01) positively related to soil exchangeable cations and soil base saturation status. Six of the sites showed an increasingly statistically significant positive cation balance with time, attributed to a decline in leaching linked to recovery from acidification. This included the three sites with negative Ca balance, although Ca remained in deficit. One site (Alice Holt) exhibited a decreasing cation balance, driven by a continued significant decline in base cation deposition thought to be related to pollutant emission control. The results were used to simulate the impact of different forest biomass harvesting scenarios involving the removal of brown (extracted after needle drop) or green (extracted before needle drop) brash. Podzols and deep peats were found to be the most vulnerable to brash harvesting causing Ca and K imbalance, but problems also occurred on brown earths. Impacts were greatest for the extraction of green brash from higher productivity stands. Base cation balance calculations remain highly uncertain due to the restricted nature of available measurements and wide variation of some estimates, particularly inputs from mineral weathering. More data are required to check and improve model predictions to better guide forest harvesting practice and ensure sustainable forest management.
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1. Introduction


The drive to decrease anthropogenic CO2 emissions has led to increased harvesting of woody biomass for energy generation [1,2,3]. This practice poses a risk to soil fertility as more nutrients are removed in biomass that would have previously been left on the forest floor to decompose and return nutrients to the soil. The risk is greatest for nutrient poor, acidic forest soils [4,5,6]. North American studies have found biomass harvesting to result in a 17% to 50% net loss of calcium (Ca), 20% to 57% loss of potassium (K), and 16% to 45% loss of magnesium (Mg) [7]. Similar reductions have been identified in studies in Sweden [8], Finland [9], Belgium [10], Germany [11] and across all Nordic countries and the UK [12]. Anthropogenic nitrogen and sulphur deposition have also driven nutrient losses, especially of base cations [13,14,15]; as can increased forest productivity, e.g., due to rising levels of N deposition and atmospheric CO2 [16,17,18]. These trends have important implications for soil acidification and sustainable forest management.



Forest soils rely on soil mineral weathering to replace losses of base cations (BC), buffer acidification processes and sustain forest growth [19]. Many temperate and boreal forests are located on naturally acid soils with low mineral weathering rates [20,21,22,23], making them more vulnerable to acid deposition and biomass harvesting. It is very important to both policymakers and the forest industry to be able to quantify a sustainable level of biomass extraction that allows forest productivity to be maintained without progressively impoverishing forest soils [6,24].



Nutrient mass balance calculations or ‘budgets’ are typically used to assess soil impacts by comparing nutrient inputs via atmospheric deposition, mineral weathering and organic matter decomposition with losses/exports via leaching and biomass removal [25]. Results are compared with the stock or reservoir of available or total nutrients in the soil to determine future sustainability. For base cations, the soil reservoir of exchangeable Mg, Ca and K held on the cation-exchange complex is thought to be most important and readily measured by soil extractions using concentrated salts (salt-extractable exchangeable pools; [8,10,11]. Such an approach has been applied in a number of studies to estimate the ability of forest soils to sustain a range of forest management practices under different climate scenarios [7,8,11]. Results are often presented in terms of the number of harvesting cycles/forest rotations that can be sustained before the stock of soil base cations finally runs out. In reality, impacts on forest nutrition and growth rates are likely to occur well before the soil stock is emptied. Accurate estimates of soil base cation stocks and budgets are important to guide forest policy on sustainable levels of biomass extraction [26].



The objectives of this study are: (1) to quantify the forest base cation (Ca, Mg, and K) balances and their temporal change for ten long term monitoring, UK ICP Level II sites, covering different soil types and tree species—oak, Scots pine and Sitka spruce; and (2) to assess the impact of different harvesting scenarios (Conventional, Whole-tree harvesting with green brash (brash removed before needle drop) and Whole-tree harvesting with brown brash (brash removed after needle drop)) on long-term nutrient sustainability of the UK’s most productive tree species—Sitka spruce, across the main forest soil types. A simple decision matrix is produced to guide the sustainable harvesting practice of Sitka spruce on different soil types.




2. Methodology


2.1. Site Details: ICP Forest Level II Intensive Monitoring Sites


Data were used from ten intensive forest monitoring Level II sites distributed across the UK (Figure 1). The sites form part of a wider European (ICP Forests) network, established to gain a better understanding of the effects of air pollution and other environmental factors on forest ecosystem structure and function. Table 1 provides site details, while the soils are characterised in Table 2. Additional information on the monitoring network is provided by [27,28].




2.2. Base Cation Balance Calculations


A simple mass balance approach was adopted for each of the three base cations: Ca, Mg and K. Atmospheric deposition and soil mineral weathering represent the principal sources, with tree uptake and soil leaching the main sinks [29]. Budgets were calculated for oak, Scots pine and Sitka spruce on each of the main forest soil types:


Cation balance/Δst = inputs [AD + W + EV + F] − outputs [Bh + L]











ΔSt—The overall change in the soil stock of base cations



AD—Atmospheric deposition (wet and dry) of base cations



W—Release of base cations from weathering of soil minerals



EV—Release of base cations from the decomposition of pre-forestation vegetation



F—Base cation inputs in fertiliser applications



Bh—Tree uptake and removal of base cations in harvested ligneous biomass



L—Loss of base cations by leaching in soil run-off/drainage waters



 



All terms of the cation balance are expressed in kilograms per hectare per year (kg ha−1 y−1). The method for determining each term is described below.




2.3. Inputs: Base Cation Deposition


All forms of atmospheric deposition were included, i.e., base cations dissolved in rainwater (wet deposition) or cloud water (occult deposition) and associated with fine particles or dust (collectively referred to as dry deposition). Wet deposition is easier to measure than cloud and dry deposition, with both of the latter interacting with and thus affected by the nature of the forest canopy, including canopy height and structure. Consequently, atmospheric deposition is spatially very variable, influenced by rainfall amount, aspect, altitude, distance from the sea, distance from pollution sources and the nature of the land cover.



Wet deposition was determined using measured bulk precipitation, while dry and occult deposition were estimated from measured throughfall (the precipitation that has passed through the canopy). For each site, water samples from two bulk precipitation gauges (installed on open ground near to the forest plots) and ten throughfall gauges (installed under the forest canopy) were collected and volumes measured every two weeks from 1995 to 2007 and then monthly for some sites until 2019, spanning a 10 to 24 year period. Water flux measurements followed EU ICP Forest protocols described in detail in the ICP Forests manual [30].



Water samples were filtered through a 0.45 µm membrane and analysed for Ca, Mg and K by ICP-OES (Spectro flame, Spectro Ltd., Kleve, Germany). Quality assurance and quality control are as per the ICP Forest manual [30]. Measured base cation concentrations in bulk precipitation and throughfall were converted to monthly chemical fluxes using bi-monthly measured water volumes. The throughfall deposition base cation inputs were corrected for canopy leaching using the Ulrich canopy budget model [31]. Long term average annual canopy leaching among the different sites for Ca was between 9 and 35% of throughfall deposition, Mg was between 4 and 29% and K was between 55 and 86%. The time period of monitoring data varied between sites and is shown in Table 1. The mean annual deposition values for each monitoring period were used to estimate atmospheric deposition inputs for a complete 35–50-year forest rotation of Sitka spruce (depending on the yield class (YC)).




2.4. Input: Base Cation Weathering


Base cation weathering depends on the types of soil minerals present and thus on the geology and nature of the soil parent material. The weathering rate is also very important and affected by a wide range of factors, including climate, soil wetness and pollutant deposition, as well as by land use and management. Forest practices such as cultivation and drainage can increase weathering rates, while fertiliser inputs represent direct nutrient additions that are more readily available for uptake.



Site-specific soil mineral weathering rates were estimated by several methods: the PROFILE model and Zirconium Enrichment. The PROFILE model is a steady-state soil chemistry model [29] that includes process-oriented descriptions for chemical weathering of minerals, leaching and accumulation of dissolved chemical components, and solution equilibrium reactions. It was run with site-specific mineralogical input data; mineral surface areas were calculated using the empirical equation [28] and measured by the nitrogen BET (Brunaeur, Emmett and Teller) gas adsorption method [32,33]. The site-specific soil mineralogy was measured by X-ray diffraction technique (XRD) and calculated both as a percentage of the total mineral mass and of the total mineral surface area (for details see [34,35]. The zirconium enrichment technique generates individual base cation weathering rates for each horizon at each site. However, it is not universally applicable and should only be used where the soil is clearly derived from the underlying rock, or where the location of the parent material is known and can be directly sampled. Three Level II sites, Alice Holt, Savernake and Grizedale, were considered suitable for its application.




2.5. Input: Pre-Existing Vegetation


The pre-existing vegetation prior to afforestation contains a stock of nutrients that will be returned to the site as the vegetation becomes shaded out by increasing tree canopy cover. The quantity of nutrients involved in this one-off input will depend on the nature of the original vegetation and how this was managed (e.g., in terms of past land improvement and fertiliser inputs) and the rate of change. Data were taken from the literature for the nutrient content of rough pasture, which was assumed to be the most common type of pre-existing vegetation on forest sites.




2.6. Input: Fertiliser


Fertiliser applications represent a direct and potential large addition of nutrients to a site. The net contribution to the soil base cation stock will depend on how much of the applied cation is removed by the growing crop or lost by leaching/run-off. Based on previous forestry practice, it was assumed that peaty gleys and deep peats received a single application of rock phosphate, representing an input of 60 kg/ha P and 166 kg/ha Ca [36]. Deep peats were also expected to have received a single application of K fertiliser at a rate of 100 kg/ha K [36].




2.7. Outputs: Base Cation Leaching


Losses by leaching were estimated using measured soil solution chemical concentration and calculated water flux. At each site, soil solution was sampled every two weeks until 2007 and monthly thereafter. Where soil depth permitted, six lysimeters (PRENART Super Quartz soil water samplers, Prenart Equipment Aps, Frederiksberg, Denmark) were located at each of 10 cm and 50 cm depths. The 50 cm depth soil solution data were used to calculate base cation leaching fluxes for nine of the ten Level II sites for time periods ranging between 10 and 24 years. The 10 cm depth soil solution data was used at Coalburn due to the high soil water table and dominance of surface runoff pathways. Soil solution was collected and measured according to Level II protocols as described in the ICP Forests manual [37]. Soil water samples were analysed as per bulk precipitation and throughfall water samples (see above).



Soil solution base cation concentrations were converted to fluxes using a climatic water balance model, drawing on local site-specific bulk precipitation and evaporation estimated using a combination of the Penman–Monteith equation and measured site canopy interception [38,39]. Daily meteorological data for the latter came from automatic weather stations (AWS), either located at the site or from the nearest Meteorological Office weather station; data for the latter were provided by the British Atmospheric Data Centre (BADC). Monthly base cation fluxes were calculated using bimonthly measurements up to 2007 and monthly onwards. The period length of soil solution monitoring data used for each site is shown in Table 1. The resulting mean annual soil solution values were applied to the full 35–50-year forest rotation for assessing the impacts of the harvesting scenarios.




2.8. Outputs: Base Cation Uptake by Trees


Tree uptake of base cations for oak, Scots pine and Sitka spruce was derived from forest inventory data from the individual Level II sites, based on forest age, tree growth rates, biomass partitioning and measured base cation concentrations in stem wood, bark, branches and needles from sampled trees [40]. This used the BSort biomass partitioning model [41,42], with nutrient concentrations simply multiplied by the biomass for each component to derive total nutrient stocks (no allowance was made for possible changes in nutrient concentration with YC). This allowed the base cation contents of wood and bark in conventional harvesting to be compared with the additional removal in harvested brash. Site-specific data are shown in Supplementary Materials Table S1, suggesting that the differences in growth, as well as cation concentrations between sites, likely reflects the range of tree species, soil types and geologies, climatic conditions and deposition inputs.




2.9. Harvesting Scenarios


Base cation budgets were compared for three harvesting scenarios: Conventional harvesting (CH), Whole-tree harvesting with brown brash (WTHB) and Whole-tree harvesting with green brash (WTHG), for a single rotation of YC 6–24 Sitka spruce growing on each of the main forest soil types. Sitka spruce was chosen over the other two studied tree species since this is the main commercial tree species in UK forestry [43]. Separate budgets are provided for peaty gley soils on Ca-rich vs. acid geologies.



Base cation partitioning in different biomass compartments of Sitka spruce is shown in Figure 2. An adjustment was made for the different nutrient contents in the harvesting scenarios of WTHG and WTHB based on biomass of foliage and branches modelled by the BSort model. Reflecting past forest practice, it was assumed that first rotation Sitka spruce crops on shallow and deep peats would have received a single application of rock phosphate (an input of 166 kg Ca ha−1), while deep peats would also have received a single application of muriate of potash (an input of 100 kg K ha−1) [36]. Inputs from previous vegetation (rough pasture) amounting to 71 kg Ca ha−1, 17 kg Mg ha−1 and 39 kg K ha−1 were also included in all scenarios. Atmospheric deposition of base cation input for the harvesting scenarios uses averaged measured base cation deposition from the three Sitka spruce Level II sites, which is representative of UK upland forests. Base cation inputs by weathering and outputs by leaching use averaged data for the six main soil types covered by the 10 ICP forest monitoring network sites. For example, for gleys, averaged data from Alice Holt and Savernake were used, for brown earths—data from Grizedale, for podzols—averaged data from Thetford, Rogate and Sherwood, for peaty gleys on Ca-rich geology—Coalburn data, and for peaty gleys on acid geology—Llyn Brianne data. In addition, an allowance was made for 20% greater base cation losses by leaching due to disturbance caused by clear-felling (for a four-year period) [8,44,45].





3. Results


3.1. Site-Specific Base Cation Budgets


Site-specific base cation inputs and outputs measured at each of the ten Level II long term monitoring plots over the last 10–24 years are summarised in Table 3a,b, with base cation budgets provided in Table 4. On average across all sites, Ca output as tree uptake (33% of total) was smaller than that by leaching (67%), while Ca input by weathering was much larger (71% of total) compared to deposition (29%). Similar partitioning between deposition and weathering was also observed for Mg and K. In addition, leaching and tree uptake proportion to the total outputs varied between base cations with higher outputs by leaching for Ca and Mg than tree uptake while for K the tree uptake made a higher proportion of outputs than K leaching (Table 3b). Site Ca and Mg inputs were significantly positively related to outputs (r2 = 0.75 and 0.57 respectively), while K exhibited a much weaker and not significant relationship (r2 = 0.07).



A small negative Ca balance was observed at Sherwood and a small negative Ca and K balance at Rannoch and Rogate; all sites on nutrient poor, acid sandy soils and under mature Scots pine (Table 2). The Mg budget was positive for all but Thetford, which also had a borderline K balance (Table 4). As expected, Ca leaching tended to be higher for sites with deeper soils and Ca-rich geology (Alice Holt, Savernake, Thetford, Coalburn, and Tummel), with the highest leaching rate observed on the sandy soils overlying chalk at Thetford (Figure 3). Ca, Mg and K balances were significantly positively related to soil exchangeable cations (Ca (r2 = 0.91, p < 0.001, n = 10), Mg (r2 = 0.31, p < 0.1, n = 10) and K (r2 = 0.62, p < 0.01, n = 10) (data not shown), while the overall base cation (Ca + Mg + K) budget was significantly positively related to site-specific soil cation exchange capacity (CEC) (r2 = 0.89, p < 0.001, n = 10 Figure 4).




3.2. Temporal Changes in Base Cation Budgets


Significant temporal changes were observed for at least one base cation at most of the sites, which were generally positive in direction (Table 5). The main exception was Alice Holt, where the Ca and Mg balance both decreased over time. The Ca and Mg balance significantly increased at two sites (Sherwood and Coalburn) and the K balance at four sites (Savernake, Rogate, Tummel and Llyn Brianne).




3.3. Base Cation Harvesting Scenarios


The harvesting scenarios have been calculated for the three main base cations necessary for tree growth and health—Ca, Mg and K. Forest Ca, Mg and K budgets are presented for each scenario (CH, WTHB, WTHG) for YC 6-24 Sitka spruce on the principal forest soil types in Figure 5, Figure 6 and Figure 7. Fertiliser input of Ca as rock phosphate was included in peaty gley and deep peat budgets, and of K as muriate of potash on deep peats, while separate budgets are provided for peaty gley soils on Ca-rich vs. acid geologies.



The results indicate that the Ca budget is positive for both CH and WTHB scenarios on all soil types except podzols, where the budget is negative for crops of YC > 12 under WTHB management. The WTHG scenario increased the number of soil types with negative Ca balances for first rotation crops, including for YC > 20 on brown earths, YC > 8 on podzols, and YC > 18 on deep peats. In contrast, the Mg budget was positive for all three harvesting scenarios on gley (surface and ground water) soils, brown earths, podzols and peaty gleys. The only exception was the WTHG scenario for SS YC > 18 on deep peat. The K budget was positive for all three harvesting scenarios on all soil types except for deep peats, where WTHB resulted in a negative budget for YC > 16 and WTHG a negative balance for YC > 8.





4. Discussion


4.1. Base Cation Inputs and Outputs in Forest Ecosystems


Mineral weathering dominated base cation inputs across most sites, especially those on base-rich geologies such as Alice Holt on Gault Clay, Savernake on Cretaceous chalk, Thetford on sands over chalk, and Coalburn and Tummel on carboniferous sediments. The opposite was the case for sites on acidic geologies and soils, such as Rannoch and Rogate overlying sandstone, where deposition accounted for 48% to 95% of base cation inputs (Table 3b). Distance from the west coast exerted a strong influence on Mg deposition, reflecting marine inputs at sites like Llyn Brianne and Grizedale, but to a much lesser degree than in a similar study in Ireland [46]. Notably, canopy leaching was found to be important for K (55–85% of throughfall deposition), Ca (9–35%) and Mg (4–29%), highlighting the need to correct for internal base cation cycling to avoid overestimating deposition inputs. The importance of accounting for canopy nutrient transformation and processing has been previously noted for nitrogen [47] and other nutrients [48].



The UK Level II sites have a wide range of cation deposition which follows the range of sulphur (S) and nitrogen (N) deposition across the sites (Table 1, [28,49,50]), with high inputs at historically industrially polluted sites (Sherwood, Grizedale, Llyn Brianne) but also sites close to busy road networks (Alice Holt) or intensive farming (Savernake and Thetford) and lower inputs of cations at more pristine sites such as Rannoch and Tummel. This suggests that further pollution abatements [51,52,53] may lead to decreases not only to S and N but also in base cation inputs to forest ecosystems.



Many factors influence the balance between base cation leaching versus tree uptake, including site quality and tree growth. Wide variation in tree uptake rates is evident amongst the sites, reflecting the different tree species and site types. Tree growth rates ranged between 2.3 to 3.5 t ha−1 y−1 for oak, 3.3–5.1 t ha−1 y−1 for Scots pine and 6.0–8.1 t ha−1 y−1 for Sitka spruce, although this was not directly related to base cation uptake. Oak and spruce generally had similar levels of uptake, while pine tended to be the lowest for all four base cations. This was despite the base cation concentrations measured in the different woody compartments being similar between the three species (Table 2, Supplementary Materials Table S1). The low uptake values for pine reflected the nature of the soil, with all three pine sites involving nutrient poor podzols over sandstone (Table 4; Figure 5). Soil and geology also strongly affected Ca and Mg uptake rates across oak and spruce sites, with the highest values measured on sites overlying base-rich geology (e.g., oak at Alice Holt vs. at Grizedale, and spruce at Coalburn vs. Llyn Brianne).



Base cation leaching varied greatly between sites, especially for Ca, which can be explained mainly by differences in geology and rainfall (Table 1). Highest Ca leaching was measured for pine at Thetford due to the influence of chalk, while it was lowest for spruce on the acidic soils and geology at Llyn Brianne (Table 3, Figure 4). In contrast, leaching of K was highest at Grizedale, reflecting high rainfall and marine deposition (Table 3b). Future changes in rainfall amount and intensity can be expected to have a significant impact on forest base cation budgets.




4.2. Forest Base Cation Budget


The Ca balance was slightly negative on sites with very poor, sandy, acid soils overlying acid geology, including Sherwood, Rogate and Rannoch. Notably, these sites have been heavily polluted in the past by acid deposition and experienced high cation leaching losses [28,54].



The Ca balance was also very low at Llyn Brianne and Grizedale, where in the former case the low exchangeable Ca content in the soil (Table 2) has already resulted in Ca deficiency in the first rotation Sitka spruce forest [55]. This is in line with the findings of [56], who reported that soil base cation stores within acidic stagnopodzol soils under Sitka spruce in Wales were being depleted and likely to run out within 65 years. A depletion rate of 205 kg Ca ha−1 over a 50-year-old rotation of Sitka spruce was calculated by [57], approximately equivalent to the exchangeable calcium pool to the bottom of the soil profile and 14% of the total soil calcium reserve to the base of the B horizon.



Of the other two main base cations, K is the next lowest with two sites showing a slightly negative balance (Rogate and Rannoch), followed by Mg, which was slightly negative at Thetford (Table 4, Figure 2). Thetford would have been among the poorest sites for total base cations if Ca weathering had not been enhanced in the subsoil by tree rooting. Rooting by Scots pine in the sandy soils was able to access deeper Ca stores linked to the underlying chalk, thus maintaining a positive Ca and total base cation budget. Other studies have found evidence for such base cation uptake/pumping by roots, although this seems to be strongest for broadleaves due to their higher nutrient demand. In addition, chalk geology is known to support upwards capillary flow of water driven by evaporative flux, as demonstrated at Blackwood in Hampshire, which could sustain Ca supply [58]. Mg and K budgets were low at Thetford, partly due to its inland and easterly location, receiving the lowest deposition of marine base cations. Sea salt deposition plays a significant role in sustaining base cation budgets along western coastal areas of the UK, as evidenced by the positive total base cation budgets at Llyn Brianne and Grizedale, despite the upland, acid soils.



Considering the robustness of the estimates in terms of measurement uncertainty, the mineral weathering rates are associated with the highest uncertainties due to methodological difficulties [34], especially for clay soils, but leaching and deposition measurements could also be problematic (e.g., in terms of estimating leaching volumes and allowing for canopy interactions), as well as being highly spatially and temporally variable. Thus, great care is required when using such data to inform forest policy and practice, including a need to adopt a precautionary approach until estimates can be improved and checked.




4.3. Long Term Changes in Base Cation Budgets


Rising trends in base cation balances over the 10+ years of monitoring were recorded at 7 of the 10 sites for one or more cations (Table 5). Significant rising trends were most consistent for K (four sites), where they were mainly driven by increasing K deposition (r2 = 0.275, p < 0.1, Savernake; r2 = 0.341, p < 0.05, Tummel; r2 = 0.473, p < 0.01, Llyn Brianne). This was thought to be related to repeated insect infestations at the canopy level in the latter part of the record, either by caterpillars on the oak or aphids on the spruce. Insect outbreaks were reported by [48] and would have increased K leaching in canopy throughfall and thus deposition input. A decline in K leaching also contributed to the rising trend and was the dominant driver at Rogate (r2 = 0.521, p < 0.05). Drainage volume did not change over the time period and since weathering is held constant, the decline in leaching is likely to be related to increased tree uptake. This could not be confirmed by the data as tree uptake estimates are based on the average tree growth rate at the sites and measured cation concentrations in the different parts of the trees (stems, branches, leaves) at one point in time (see Supplementary Materials Table S1).



Rising trends for Ca and Mg were strongest for Sherwood and Coalburn, where they were associated with significant declines in leaching outputs over the measurement period. This was thought to be mainly due to declining acid deposition, with the Sherwood site showing a steep recovery from historic air pollution and acidification [28,50,54]. The rising base cation balance at this site is in line with long term predictions by SAFE (1800–2100 year) [54] and MAGIC models (1990–2020 year) [48]. At Coalburn, the decline in leaching outputs may also have been due to increased tree uptake. Tree basal area increased by 35% over the monitoring period due to the strong growth of the Sitka spruce crop (although the method did not allow this to be incorporated into the tree uptake estimate).



Alice Holt was the only site to show a consistent declining trend in Ca and Mg base cation budget. This was mainly driven by declining deposition inputs (Ca, r2 = 0.562, p < 0.01; Mg, r2 = 0.412, p < 0.01), probably associated with emission control of acidic pollutants, but unlike at Sherwood and Coalburn did not result in reduced leaching losses. The declining trend is not in line with MAGIC model predictions (1980–2020) [50] and is perhaps associated with changing weather patterns affecting southern England.



Overall, soil type, geology, and tree species were the predominant factors influencing site base cation balance, while temporal changes were driven by ongoing recovery due to emission control and the effects of pest outbreaks on nutrient cycling within forest canopies. The latter are becoming increasingly common and need to be factored into model predictions. As weathering is one of the balance elements with the highest uncertainties in its estimation, sites on clay soils will have high uncertainties associated with their cation balance compared to sites on sandy podzols.




4.4. Biomass Removal Decision Support Matrix for Nutrient Sustainability


The results from the nutrient budgets shown in Figure 5, Figure 6 and Figure 7 are used to generate a simple decision matrix to inform the sustainability of brash removal on five main forest soil types (Table 6). A traffic light approach is adopted for each of three harvesting scenarios, comprising CH, WTHB and WTHG. Green represents a positive nutrient budget and therefore ‘go’, orange a variable budget with decision subject to site Yield Class, with ‘go’ if equal or less than the Yield Class threshold and ‘no-go’ if greater than the Yield Class threshold.



The matrix implies that conventional harvesting poses no issues for site nutrient sustainability for first rotation Sitka spruce on all main forest soil types, regardless of Yield Class. However, this relies on the nutrient input from the pre-existing vegetation plus a single rock phosphate fertiliser application on peaty gley and deep peat soils. For the WTHB scenario, issues mainly arise for Ca on podzolic soils (the most nutrient poor), and for K on deep peats, where brown brash can only be harvested for lower yielding stands of YC < 12 and YC < 16 respectively (Table 6). This reflects the higher base cation content of needles and branches, with brown brash comprising 15% of total tree Ca, 23% for Mg and 34% for K (Figure 2). There is no limit for WTHB extraction on mineral gleys, brown earths and peaty gleys.



As expected, the WTHG option posed the greatest issue, especially on podzols, but also on brown earths and deep peats (Table 6). This practice was not sustainable in terms of Ca balance for the harvesting of green brash from SS crops of YC > 8, YC > 20 and YC > 18 on these three soil types, respectively. WTHG is also not sustainable for Mg on deep peat for crops YC > 18 and for K for crops YC > 8. This is not surprising as the total Sitka spruce brash (branches and needles) contains 63%, 70% and 75% of total tree Ca, Mg and K, respectively (Figure 2).



The impact of WTHG has been studied at two sites in the UK—one at Kielder in England on peaty gley soils [55], and the other at Beddgelert in Wales on peaty podzols [59]. No significant differences were reported by [55] in soil Ca or Mg between WTHG and CH treatments in the Kielder study, although base cation concentrations were lower under WTHG in the upper mineral soil. This contrasted with the results of [59] at Beddgelert, who found soil Ca to be higher in the Bsg horizon of the WTH plots but lower in the organic horizon compared to CH plots. These mixed results reflect similar studies in temperate and boreal forests [5], with WTHG leading to reduced exchangeable Ca Mg and K in some mineral soils [60,61,62] but having no effect in others [63,64]. A metadata analysis by [12] found WTHG significantly lowered pH and base saturation (BS) in the forest floor, but without apparent changes in CEC. The only significant effect of WTHG in the subsoil were reductions in CEC and BS. WTHG in spruce and pine-dominated stands reduced Ca and K in the forest floor but had no effect on Mg and pH. Such studies are subject to a number of inherent limitations, including the size and spatial variability of the soil base cation pools, which makes detecting a treatment effect very difficult [5].



Our findings and resulting matrix are in line with a similar study in Ireland, which assessed the impact of CH, WTHB and WTHG on base cation balance and soil acidification for Sitka spruce (Picea sitchensis (Bong.) Carr), Norway spruce (Picea abies (L.) Karst.) and Lodgepole pine (Pinus contorta (Dougl. var. latifolia)) forests across 40 sites [65]. Under CH and WTHB, inputs were predicted to be sufficient to sustain outputs for Ca, Mg and K, while under WTHG, Ca output was greater than input at 19 of the 40 study sites. However, the difference between inputs and outputs was small relative to the size of soil Ca pools, which could support WTHG removal for a median of 220 years [65]. This contrasts with the much lower exchangeable pools in the podzolic sandy soils of some of the sites such as Rogate, Sherwood and Rannoch in our study (Table 2) and a significant positive relationship between base cation (Ca + Mg + K) balance and soil CEC, with clustering of sites with very low CEC having the lowest base cation balance (Figure 4). The base cation balance dependence on site productivity and tree uptake was also clear (Figure 5, Figure 6 and Figure 7). Our results support the restriction of brash removal from better growing stands over that of poor stands on vulnerable soils, which is simply a reflection of the greater base cation content and removal in higher yielding, harvested crops. In reality, nutrient poor soils would not support a high YC and therefore naturally constrain the scope for negative base cation budgets. However, rising CO2 and climate change have the potential to increase tree growth and exacerbate nutrient issues.



The brash harvesting matrix is based on the best dataset available for evaluating base cation budgets for UK forests, drawing on the Intensive Forest Monitoring Level II Network and biomass partition modelling for Sitka spruce. However, there are a few important caveats of note:




	(1)

	
The base cation budgets are limited to first rotation Sitka spruce and will change for subsequent rotations, most notably in terms of the loss of the base cation input from the pre-forest vegetation. This will make the budgets less positive or more negative, although the deficit could be at least partly offset by greater soil weathering and/or organic matter mineralisation due to restock cultivation, provided these rates are sustainable.




	(2)

	
The calculated base cation budgets are imprecise and subject to significant uncertainty, especially when applied to individual sites. Consequently, the decision matrix should be used with care and it is recommended that its application is monitored and reviewed to inform future assessments and refinement of the practice. One issue is the estimation of soil mineral weathering, which tends to dominate base cation inputs. Although several methods were used to estimate this key component, they all have high uncertainties [35]. Others found variability in weathering estimates to be too high to set thresholds for harvesting practice since the increase in base cation export due to residue harvesting was considerably smaller than the uncertainties associated with mineral weathering estimates [66]. A similar conclusion was reached by [65] in Ireland, where the high uncertainties prevented the definition of clear boundaries for separating the impact of harvest residue removal from that of CH on the base cation balance.




	(3)

	
Another issue concerns the calculated water fluxes used to estimate base cation losses by leaching, which was based on modelled potential rather than measured actual evapotranspiration. It has been shown [67] that actual evapotranspiration by forests can be 20% lower than potential rates estimated using the Penman–Monteith equation. This suggests that our base cation losses through leaching may have been underestimated and the budget overestimated, especially on the more drought-prone sites. The error is unlikely to be large enough to turn the long-term base cation balance for any site from positive to negative (except for Mg in the case of Rogate; Table 3 and Table 4) but will make the values more negative for the most sensitive sites. This is likely to reduce the Yield Class threshold for sustainable harvesting of brown or green brash by one or two classes for the highlighted soil types. Application of a full water balance model to calculate actual evapotranspiration losses is recommended to improve the quantification of base cation leaching and resulting budgets for individual sites.




	(4)

	
The decision matrix only considers the impact of brash removal on base cation sustainability and it is important to note and manage the risks posed to other essential nutrients such as nitrogen and phosphorus, as well as related impacts of practice on other aspects of the forest environment, including ground damage, soil acidity and soil carbon loss.











5. Conclusions


The results from our study suggest that Ca is the most limiting base cation on nutrient poor soils, where biomass harvesting could threaten sustainable forest management over time. K and Mg are also limiting on some sites. Mineral weathering dominates base cation inputs except on very acid soils, where deposition and especially marine inputs are more important. Most sites exhibited rising trends in base cation balance over time, driven by emission control of acid deposition and potentially by climatic changes such as droughts and changes in rainfall amounts and intensity. Rising CO2 and N deposition could be expected to increasingly influence tree growth and base cation uptake rates. Tree health, and especially repeated insect infestations, was found to affect the base cation balance by modifying deposition inputs and leaching outputs. Harvesting additional biomass as brash increases base cation removal and is likely to lead to depletion and potential exhaustion of soil base cation stocks on nutrient poor soils, particularly podzols and deep peats. The harvesting of green brash poses the greatest risk and could cause problems within a few forest rotations.



This study is especially valuable as it presents elemental mass balances from more than 10 years of monitoring in the ICP Forests Level II network. Long term monitoring is vital to evaluate environmental change, including the provision of data for the development, testing and evaluation of biogeochemical models and improving confidence in model predictions. Nutrient budget studies are vital for the scientific underpinning of guidelines for sustainable forest biomass extraction [68].
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Figure 1. Location of ICP Forest Level II sites in the UK. 
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Figure 2. Base cation (Ca, Mg and K) stocks in the biomass of the different tree components for Sitka spruce. Biomass is modelled by the BSort biomass partitioning model and cation concentration measured from the ICP Forest Level II monitoring network’s three Sitka spruce sites. 
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Figure 3. Calcium leaching flux at shallow (10 cm depth) and deeper (50 cm depth) soil depths at the ten ICP Forest Level II monitoring sites. 
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Figure 4. Linear relationship between total base cation (Ca + Mg + K) budget and soil cation exchange capacity (CEC) at the ICP Forest Level II monitoring sites (n = 10, r2 = 0.89, p < 0.001). 






Figure 4. Linear relationship between total base cation (Ca + Mg + K) budget and soil cation exchange capacity (CEC) at the ICP Forest Level II monitoring sites (n = 10, r2 = 0.89, p < 0.001).



[image: Applsci 12 02411 g004]







[image: Applsci 12 02411 g005 550] 





Figure 5. Forest Ca budget for Sitka spruce first rotation, YC 6-24, on six main forest soil types. 
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Figure 6. Forest Mg budget for Sitka spruce first rotation, YC 6-24, on five main forest soil types. 
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Figure 7. Forest K budget for Sitka spruce first rotation, YC 6-24, on five main forest soil types. 
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Table 1. Site and climatic characteristics of 10 Intensive Forest Monitoring Level II sites in the UK. Basal area was measured in 1995. Averaged annual rainfall, temperature and total nitrogen and sulphur deposition over the monitoring period at the sites are reported.
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	Site Name
	Tree Species
	Monitoring Period
	Previous Vegetation
	Planting Year
	Basal Area (m2 ha–1)
	Elevation (m)
	Slope (%)
	Rain (mm)
	T (°C)
	N dep

kg ha−1y−1
	S dep

kg ha−1y−1





	Alice Holt
	Oak
	1996–2019
	Woodland
	1935
	27.3
	80
	0
	662
	11.6
	9.8
	7.6



	Savernake
	Oak
	1996–2005
	Woodland
	1950
	18.0
	107
	1
	796
	11.3
	12.7
	10.9



	Grizedale
	Oak
	1996–2006
	Woodland
	1920
	23.5
	115
	30
	1800
	9.5
	13.9
	14.2



	Thetford
	Scots pine
	1996–2019
	Heathland
	1967
	35.7
	20
	1
	600
	11.3
	13.6
	7.5



	Sherwood
	Scots pine
	1996–2005
	Grassland
	1952
	38.1
	265
	22
	1200
	9.8
	18.6
	17.6



	Rannoch
	Scots pine
	1996–2010
	Moorland
	1965
	47.8
	470
	25–30
	1161
	8.5
	4.8
	4.8



	Rogate
	Scots pine
	2010–2019
	Heathland
	1950
	37.8
	80
	0
	662
	11.4
	10.7
	4.1



	Coalburn
	Sitka spruce
	1996–2019
	Moorland
	1974
	91.1
	300
	1
	1400
	9.0
	10.2
	8.3



	Tummel
	Sitka spruce
	1996–2006
	Grassland
	1969
	65.0
	400
	6–10
	1100
	7.5
	4.8
	6.4



	Llyn Brianne
	Sitka spruce
	2010–2014
	Moorland
	1973
	85.4
	450
	20
	2100
	10.1
	8.9
	9.7
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Table 2. Soil type and soil horizon related pH, carbon (C), nitrogen (N), cation exchange capacity (CEC by BaCl2 extraction method) and base saturation (BS) of 10 Intensive Forest Monitoring Level II sites in the UK. Soil characteristics are shown only for the two horizons for each plot where the soil solution samplers are situated.
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	Site Name
	Soil Type (FAO)
	Soil Horizon
	Soil pH (H2O)
	C%
	N%
	Soil CEC cmol c kg–1
	Soil BS%





	Alice Holt
	Eutric vertisol
	Ah
	5.4
	2.69
	0.56
	23.10
	95



	
	
	BCg
	6.2
	1.08
	0.027
	25.83
	96



	Savernake
	Eutric vertisol
	E
	4.7
	3.47
	0.138
	15.73
	22



	
	
	2BCtg
	6.2
	1.21
	0.068
	23.15
	99



	Grizedale
	Cambic podzol
	Ah
	4.3
	8.27
	0.456
	12.92
	9



	
	
	Bs
	5.1
	5.01
	0.279
	6.71
	7



	Thetford
	Ferralic arenosol
	Ah
	5.3
	1.98
	0.482
	4.93
	92



	
	
	Bw
	7.0
	0.31
	0.285
	3.23
	99



	Sherwood
	Cabric podzol
	Ah
	4.1
	2.69
	0.161
	6.51
	4



	
	
	BC
	4.5
	1.37
	0.064
	2.58
	7



	Rannoch
	Gleyic podzol
	E
	4.2
	3.87
	0.111
	10.03
	9



	
	
	Bs
	4.8
	3.42
	0.082
	2.35
	13



	Rogate
	Humic Podzol
	E
	4.3
	2.90
	0.103
	2.57
	36



	
	
	Bs
	4.4
	1.30
	0.041
	1.36
	16



	Coalburn
	Umbric gleysol
	Ah(g)
	4.0
	6.52
	0.357
	17.46
	6



	
	
	Bg
	3.8
	1.66
	0.060
	12.41
	33



	Tummel
	Ferric podzol
	Ah
	5.1
	2.5
	0.185
	6.3
	52



	
	
	Bs
	5.9
	0.4
	0.027
	0.9
	54



	Llyn Brianne
	Umbric gleysol
	A
	4.0
	4.44
	0.29
	16.36
	3



	
	
	Bg
	4.3
	3.51
	0.05
	13.18
	2
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Table 3. ICP Forest Level II site-specific input and output base cation (Ca, Mg and K) fluxes (kg ha−1y−1) based on >10 years long term monitoring datasets: average annual flux for each base cation (a) and expressed as a proportion (%) of the total (b). The Level II sites were not thought to have been fertilised, while the age and/or nature of the woodland plus management made it less appropriate to include base cation inputs from the pre-existing vegetation or enhanced leaching by clearfelling. However, these processes are included in the harvesting scenarios presented in Figure 5, Figure 6 and Figure 7.
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(3a)




	

	

	
Deposition

Ca

kg ha−1y−1

	
Weathering

Ca

kg ha−1y−1

	
Leaching

Ca

kg ha−1y−1

	
Tree Uptake

Ca

kg ha−1y−1

	
Deposition

Mg

kg ha−1y−1

	
Weathering

Mg

kg ha−1y−1

	
Leaching

Mg

kg ha−1y−1

	
Tree Uptake

Mg

kg ha−1y−1




	
Site (Tree species)

	
Soil type (WRB, 2016)

	

	

	

	

	

	

	

	




	
Alice Holt (Oak)

	
Eutric Vertisol

	
5.75

	
199.77

	
27.71

	
10.74

	
2.53

	
63.73

	
7.89

	
1.15




	
Savernake (Oak)

	
Eutric Vertisol

	
5.89

	
199.77

	
38.45

	
9.11

	
2.15

	
91.11

	
13.73

	
0.81




	
Grizedale (Oak)

	
Cambic Podzol

	
5.76

	
13.71

	
8.53

	
4.89

	
6.03

	
81.13

	
10.12

	
0.70




	
Thetford (Scots pine)

	
Ferralic Arenosol

	
3.97

	
185.14

	
159.72

	
5.54

	
1.99

	
2.60

	
3.84

	
1.12




	
Sherwood (Scots pine)

	
Cambic Podzol

	
7.77

	
2.85

	
8.39

	
4.06

	
4.27

	
13.27

	
4.04

	
0.61




	
Rannoch (Scots pine)

	
Gleyic Podzol

	
2.20

	
2.03

	
3.60

	
4.08

	
2.42

	
2.60

	
3.58

	
1.17




	
Rogate (Scots pine)

	
Podzol

	
4.39

	
2.54

	
5.29

	
3.28

	
3.55

	
2.96

	
3.52

	
0.55




	
Coalburn (Sitka spruce)

	
Umbric gleysol

	
4.01

	
102.20

	
38.55

	
7.99

	
2.94

	
54.45

	
6.08

	
1.25




	
Tummel (Sitka spruce)

	
Ferric Podzol

	
2.54

	
92.50

	
39.88

	
6.16

	
2.01

	
13.27

	
8.26

	
0.96




	
Llyn Brianne (Sitka spruce)

	
Umbric gleysol

	
5.98

	
4.98

	
0.72

	
4.58

	
7.67

	
54.45

	
4.31

	
1.28




	

	

	
Deposition

K

kg ha−1y−1

	
Weathering

K

kg ha−1y−1

	
Leaching

K

kg ha−1y−1

	
Tree Uptake

K

kg ha−1y−1

	

	

	

	




	
Site (Tree species)

	
Soil type (WRB, 2016)

	

	

	

	

	

	

	

	




	
Alice Holt (Oak)

	
Eutric Vertisol

	
4.44

	
211.50

	
1.25

	
6.00

	

	

	

	




	
Savernake (Oak)

	
Eutric Vertisol

	
4.86

	
287.71

	
1.36

	
4.67

	

	

	

	




	
Grizedale (Oak)

	
Cambic Podzol

	
6.84

	
125.28

	
8.03

	
3.60

	

	

	

	




	
Thetford (Scots pine)

	
Ferralic Arenosol

	
3.62

	
1.45

	
0.78

	
3.44

	

	

	

	




	
Sherwood (Scots pine)

	
Cambic Podzol

	
6.35

	
44.01

	
2.98

	
2.47

	

	

	

	




	
Rannoch (Scots pine)

	
Gleyic Podzol

	
2.69

	
1.39

	
1.53

	
3.01

	

	

	

	




	
Rogate (Scots pine)

	
Podzol

	
4.47

	
1.69

	
6.54

	
2.35

	

	

	

	




	
Coalburn (Sitka spruce)

	
Umbric gleysol

	
4.38

	
103.74

	
0.78

	
6.82

	

	

	

	




	
Tummel (Sitka spruce)

	
Ferric Podzol

	
3.07

	
44.01

	
0.86

	
5.97

	

	

	

	




	
Llyn Brianne (Sitka spruce)

	
Umbric gleysol

	
6.92

	
103.74

	
0.72

	
6.75

	

	

	

	




	
(3b)




	

	

	
% of Inputs

Deposition

Ca

	
% of Inputs

Weathering

Ca

	
% Outputs

Leaching

Ca

	
% Outputs

Tree Uptake

Ca

	
% of Inputs

Deposition

Mg

	
% of Inputs

Weathering

Mg

	
% Outputs

Leaching

Mg

	
% Outputs

Tree Uptake

Mg




	
Site (Tree species)

	
Soil type (WRB, 2016)

	

	

	

	

	

	

	

	




	
Alice Holt (Oak)

	
Eutric Vertisol

	
3

	
97

	
72

	
28

	
4

	
96

	
87

	
13




	
Savernake (Oak)

	
Eutric Vertisol

	
3

	
97

	
81

	
19

	
2

	
98

	
94

	
6




	
Grizedale (Oak)

	
Cambic Podzol

	
30

	
70

	
64

	
36

	
7

	
93

	
94

	
6




	
Thetford (Scots pine)

	
Ferralic Arenosol

	
2

	
98

	
97

	
3

	
43

	
57

	
77

	
23




	
Sherwood (Scots pine)

	
Cambic Podzol

	
73

	
27

	
67

	
33

	
24

	
76

	
87

	
13




	
Rannoch (Scots pine)

	
Gleyic Podzol

	
52

	
48

	
47

	
53

	
48

	
52

	
75

	
25




	
Rogate (Scots pine)

	
Podzol

	
63

	
37

	
62

	
38

	
55

	
45

	
86

	
14




	
Coalburn (Sitka spruce)

	
Umbric gleysol

	
4

	
96

	
83

	
17

	
5

	
95

	
83

	
17




	
Tummel (Sitka spruce)

	
Ferric Podzol

	
3

	
97

	
87

	
13

	
13

	
87

	
90

	
10




	
Llyn Brianne (Sitka spruce)

	
Umbric gleysol

	
55

	
45

	
14

	
86

	
12

	
88

	
77

	
23




	

	
average (%)

	
29

	
71

	
67

	
33

	
21

	
79

	
85

	
15




	

	

	
% of Inputs

Deposition

K

	
% of Inputs

Weathering

K

	
% Outputs

Leaching

K

	
% Outputs

Tree Uptake

K

	

	

	

	




	
Site (Tree species)

	
Soil type (WRB, 2016)

	

	

	

	

	

	

	

	




	
Alice Holt (Oak)

	
Eutric Vertisol

	
2

	
98

	
17

	
83

	

	

	

	




	
Savernake (Oak)

	
Eutric Vertisol

	
2

	
98

	
23

	
77

	

	

	

	




	
Grizedale (Oak)

	
Cambic Podzol

	
5

	
95

	
69

	
31

	

	

	

	




	
Thetford (Scots pine)

	
Ferralic Arenosol

	
71

	
29

	
18

	
82

	

	

	

	




	
Sherwood (Scots pine)

	
Cambic Podzol

	
13

	
87

	
55

	
45

	

	

	

	




	
Rannoch (Scots pine)

	
Gleyic Podzol

	
66

	
34

	
34

	
66

	

	

	

	




	
Rogate (Scots pine)

	
Podzol

	
73

	
27

	
74

	
26

	

	

	

	




	
Coalburn (Sitka spruce)

	
Umbric gleysol

	
4

	
96

	
10

	
90

	

	

	

	




	
Tummel (Sitka spruce)

	
Ferric Podzol

	
7

	
93

	
13

	
87

	

	

	

	




	
Llyn Brianne (Sitka spruce)

	
Umbric gleysol

	
6

	
94

	
10

	
90

	

	

	

	




	

	
average (%)

	
25

	
75

	
32

	
68
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Table 4. Base cation budgets (kg ha−1 y−1) for each ICP Forest Level II site based on long term (>10 years) monitoring datasets. Mass balances in bold are negative, indicating a net loss of base cations from the forest ecosystem. The Level II sites were not thought to have been fertilised, while the age and/or nature of the woodland plus management made it less appropriate to include base cation inputs from the pre-existing vegetation or enhanced leaching by clear-felling.
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Long Term Base Cation Mass Balance

	




	

	

	

	
Ca

	
Mg

	
K

	
Total (Ca + Mg + K)




	
Site

	
Tree Species

	
Soil Type (WRB, 2016)

	
kg ha−1y−1

	
kg ha−1y−1

	
kg ha−1y−1

	
kg ha−1y−1






	
Alice Holt

	
Oak

	
Eutric Vertisol

	
167.07

	
57.22

	
208.68

	
432.96




	
Savernake

	
Oak

	
Eutric Vertisol

	
158.09

	
78.72

	
286.54

	
523.35




	
Grizedale

	
Oak

	
Cambic Podzol

	
6.05

	
76.33

	
120.49

	
202.87




	
Thetford

	
Scots pine

	
Ferralic Arenosol

	
23.84

	
–0.38

	
0.85

	
24.32




	
Sherwood

	
Scots pine

	
Cambic Podzol

	
–1.84

	
12.89

	
44.91

	
55.96




	
Rannoch

	
Scots pine

	
Gleyic Podzol

	
–3.44

	
0.27

	
–0.46

	
–3.64




	
Rogate

	
Scots pine

	
Podzol

	
–1.64

	
2.44

	
–2.73

	
–1.93




	
Coalburn

	
Sitka spruce

	
Umbric gleysol

	
59.69

	
50.05

	
100.51

	
210.26




	
Tummel

	
Sitka spruce

	
Ferric Podzol

	
48.99

	
6.05

	
40.25

	
95.30




	
Llyn Brianne

	
Sitka spruce

	
Umbric gleysol

	
5.66

	
56.52

	
103.19

	
165.37
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Table 5. Temporal trend analysis for base cation budgets at all ten ICP Forest Level II sites. Linear regressions between cation budgets and time were tested and r2 and p values are shown. Decreasing trends are highlighted in light grey and increasing trends in dark grey. Significant trends at p < 0.05 are highlighted in bold and marginally significant trends at p < 0.1 are also underlined.
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Decreasing Trend

	

	
Long Term Linear Trends




	
Increasing Trend

	

	
Ca

	
Mg

	
K




	
Site (Tree Species) (Years of Monitoring)

	
Soil Type (WRB, 2016)

	
kg ha−1y−1

	
kg ha−1y−1

	
kg ha−1y−1






	
Alice Holt (Oak) (24 years)

	
Eutric Vertisol

	
r2 = 0.24 (p < 0.01)

	
r2 = 0.14 (p = 0.068)

	
r2 = 0.03 (p = 0.392)




	
Savernake (Oak) (10 years)

	
Eutric Vertisol

	
r2 = 0.01 (p = 0.906)

	
r2 = 0.01 (p = 0.915)

	
r2 = 0.34 (p = 0.051)




	
Grizedale (Oak) (11 years)

	
Cambic Podzol

	
r2 = 0.03 (p = 0.281)

	
r2 = 0.08 (p = 0.383)

	
r2 = 0.17 (p = 0.213)




	
Thetford (Scots pine) (24 years)

	
Ferralic Arenosol

	
r2 = 0.01 (p = 0.802)

	
r2 = 0.04 (p = 0.441)

	
r2 = 0.05 (p = 0.293)




	
Sherwood (Scots pine) (10 years)

	
Cambic Podzol

	
r2 = 0.25 (p = 0.09)

	
r2 = 0.30 (p = 0.076)

	
r2 = 0.15 (p = 0.231)




	
Rannoch (Scots pine) (10 years)

	
Gleyic Podzol

	
r2 = 0.09 (p = 0.689)

	
r2 = 0.04 (p = 0.787)

	
r2 = 0.09 (p = 0.689)




	
Rogate (Scots pine) (10 years)

	
Podzol

	
r2 = 0.16 (p = 0.246)

	
r2 = 0.02 (p = 0.676)

	
r2 = 0.60 (p < 0.001)




	
Coalburn (Sitka spruce) (15 years)

	
Umbric gleysol

	
r2 = 0.61 (p < 0.001)

	
r2 = 0.64 (p < 0.001)

	
r2 = 0.015 (p = 0.637)




	
Tummel (Sitka spruce) (10 years)

	
Ferric Podzol

	
r2 = 0.02 (p = 0.791)

	
r2 = 0.12 (p = 0.361)

	
r2 = 0.35 (p = 0.072)




	
Llyn Brianne (Sitka spruce) (24 years)

	
Umbric gleysol

	
r2 = 0.04 (p = 0.409)

	
r2 = 0.02 (p = 0.500)

	
r2 = 0.28 (p = 0.020)
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Table 6. Biomass removal decision matrix. The numbers represent forest Yield Class. A traffic light approach is adopted for each of three harvesting scenarios, comprising CH, WTHB and WTHG. Green represents a positive nutrient budget and therefore ‘go’ and orange a variable budget with the decision subject to site Yield Class, with ‘go’ if equal or less than the Yield Class threshold and ‘no go’ if greater than the Yield Class threshold.
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Gleys (surface and ground water)

	

	

	

	

	

	

	

	

	




	
Brown Earths

	

	

	
≤20

	

	

	

	

	

	




	
Podzols/Ironpans

	

	
<12

	
≤8

	

	

	

	

	

	




	
Peaty gleys on Ca-rich geology
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