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a b s t r a c t

Sufficiency of potassium (K) is one of the biggest concerns for forestry in boreal peatlands, since the root-
ing zone stores of K in thick peat soils are generally small and significant proportion of the K in ecosystem
is bound in stand biomass. Increased demand for bioenergy may lead to intensified harvesting also in
such forests. There is thus an urgent need to study the significance of the nutrients in harvest residues
for the next-generation forest productivity. The specific questions in peatland forests are whether the
harvest residues are an important source of K to the restock or whether the K in harvest residues is lost
by leaching. We quantified K losses from drained peatland forests following management by clear-felling
with stem-only harvesting (SOH), whole-tree harvesting (WTH) and whole-tree harvesting plus stump
harvesting (WTHS). Calibration period – control area method and mixed modelling approach were used
to analyze the ditch-outflow K-concentration and water-borne K-export data from 17 harvested and 5
control catchments in southern and central Finland. K concentrations and runoff were monitored for
1–2 years before and 3–4 years after treatment. Supplementary long-term data from one pair of har-
vested and non-managed catchments was used to assess the duration of the harvest impact on K export.
Mean annual K concentrations in ditch outflow were higher after than before harvesting. The concen-

trations started to increase during the second or third post-harvest year, reaching the peaks of 1.1–
2.2 mg L�1 in WTHS, 0.8–1.7 mg L�1 in WTH, and 1.0–1.9 mg L�1 in SOH. The concentrations correlated
positively with the amount of K in the surface peat. In nutrient-poor ombrotrophic sites, the K concen-
trations were higher for sites with shallower water-table level.
Using the supplementary data, the impact of harvesting on K losses was estimated to last for about

eight years. The overall estimated K loss was about 28 kg ha�1 from minerotrophic sites, and about
9 kg ha�1 from ombrotrophic sites. There was no significant difference in K losses between the harvest
treatments SOH, WTH and WTHS, indicating that the K in harvest residues was largely retained onsite.
The role of K losses induced by harvesting in the site K stores in drained peatland forests is discussed.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Potassium (K) is a macronutrient having great importance for
plant growth. It participates in the functioning of vascular tissues
by controlling water and nutrient transport (osmosis-regulation)
and regulating the closure of stomatal pores, thus controlling the
uptake of CO2 in photosynthesis (Mengel and Kirkby, 2001). It also
triggers the activation enzymes participating in the syntheses of

protein and starch, and the production of energy compounds
(ATP) (Mengel and Kirkby, 2001). Potassium is further known to
promote plant resistance to environmental stresses (Kozlowski
and Pallardy, 2002). In plant tissues, K mainly occurs as a free
ion in cell solution (Sparks, 1987) and, consequently, it leaches
from plant litter already during the early stages of decomposition
(Kaila et al., 2012). Potassium is highly soluble in water and its sol-
ubility increases with decreasing soil pH.

Potassium is rarely a minimum growth-limiting nutrient in for-
ests growing on mineral soils. The soil K stores in the mineral forest
soils are generally severalfold (2–6 times) relative to the stand
demand of K and the K stores removed along with the harvested
stand biomass (Westman and Laiho, 2003; Palviainen and Finér,
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2012). The pH in forest soils is generally low and the soil acidity
promotes K release from soil particles and compounds (Tyler and
Olsson, 2001). In contrast, K deficiency may restrict the growth
of trees in peatland forests. In thick-peated sites, the K stores in
peat are typically low compared with the K-stores of the tree bio-
mass, which may even exceed the pool in soil (Finér, 1989; Laiho
and Laine, 1995; Hoosbeek et al., 2002; Westman and Laiho,
2003; Saarinen and Silver, 2011). Potassium deficiency symptoms
in trees have most often been observed in nitrogen-rich minero-
trophic drained peatland forests with a thick peat deposit
(Kaunisto and Tukeva, 1984; Saarinen, 1997; Moilanen et al.,
2010). The high supply of nitrogen (N) in these sites results in
increased demand for other nutrients (Finér, 1992; Tripler et al.,
2006), thereby increasing the risk for the depletion of growth-
limiting nutrients such as K.

Chronic deficiency of K in trees results in decreased vitality and
growth (Moilanen et al., 2010). This may have serious implications
for forestry particularly in Finland, where about 6.2 million hec-
tares of peatlands and wet mineral soil sites have been drained
for forestry (Finnish Statistical Year Book, 2013). More than 1 mil-
lion hectares have been estimated as K-deficiency risk area, where
the trees are likely to face K deficiency at some stage of stand rota-
tion (Moilanen et al., 2005). Potassium deficiencies have also been
reported from peatland forests in, e.g., Canada (Bhatti et al., 1998;
Caisse et al., 2008) and Estonia (Minkkinen et al., 2007).

As the majority of K in the tree biomass is in needles and
branches (Kaunisto and Paavilainen, 1988; Finér, 1989; Laiho,
1997), it is recommended in thinning cuttings and final clear-
felling to leave the harvest residues onsite in order to avoid the risk
of K depletion, i.e., whole tree harvesting is not seen as a feasible
harvesting option in drained peatland forests (Finér, 1989; Laiho,
1997; Sverdrup and Rosén, 1998; Akselsson et al., 2007;
Palviainen and Finér, 2012). However, K is among the most mobile
nutrients in peat soils with low affinity to the soil cation exchange
sites (Starr and Westman, 1978). In contrast to the other nutrients
that are to a greater extent bound in organic molecules, K is only
loosely bound in the plant tissues (living or dead), and is thus sus-
ceptible to leaching from both peat and fresh biomass such as har-
vest residues. It has been shown that 80–90% of K in harvest
residue needles is released soon after harvesting during the early
stages of decomposition (Kaila et al., 2012). Consequently, the
release of K from harvest residues may greatly exceed the capacity
of the harvested peatland site to retain K against leaching. The ver-
tical profiles of K in peat soils typically show a sharp decline from
the topmost 10–20 cm downwards, indicating that K is retained
largely by biological cycling by the vegetation and any excess is
readily leached (Laiho et al., 1999). The deposition of K in canopy
throughfall and litterfall are, on the other hand, the most important
supplies to the soil K storage (Ranger and Nys, 1994; Helmisaari,
1995). Major part of the K+-deposition is originated from combus-
tion of biofuels, e.g. burning of wood or peat, in addition, road dust
is important K deposition source (Ruoho-Airola et al., 2003).

The prominent role of biological cycling in K retention implies a
further risk for K retention following clear-felling, because the slow
re-vegetation after harvesting, especially in the boreal zone with
severe climatic conditions, may significantly delay the re-
establishment of plant K uptake (Tamm et al., 1974). Secondly,
the diminished evapotranspiration leads to the water-table level
rising close to the soil surface (Huttunen et al., 2003), which may
further delay the re-vegetation, as well as increase the mobility
of the poorly adsorbed soil K. A disturbance in the biological
cycling, such as harvesting, has been observed to result in the K-
losses from substrate (Goulding and Stevens, 1988; Staaf and
Olsson, 1994) and identified as a critical factor for continued forest
production in peatland forests (Laiho et al., 1999). Thus, as most of
the K in harvest residues may be leached from the site and negligi-

ble amounts remain available to the restock, a question rises, how
significant are the consequences of whole-tree harvest on the site
K reserves as compared to stem-only harvest? The role of leaching
in the site K capital, and the impacts of different harvesting
regimes have thus far not been investigated.

The objective of this study was to quantify water-borne K losses
from drained peatland forests following clear-felling using the con-
ventional stem-only harvest (SOH), whole-tree harvest (WTH,
including stems, needles, branches, twigs), and whole-tree harvest
plus stump harvest (WTHS). Our primary hypotheses were that (1)
harvesting increases water-borne K losses from drained peatland
forests and (2) the export of K is greater from SOH than whole-
tree harvest sites, thus reducing the significance of K left onsite
in harvest residues as a source of K to the restock.

2. Material and methods

2.1. Study catchments, harvesting treatments and measurements

The K concentrations and exports in runoff water were moni-
tored from 22 catchment areas dominated by drained peatland for-
ests, four of which were harvested using WTH, seven using SOH,
and six using WTHS, while five catchments remained as unharvest
controls (C) (Table 1). Our catchments were located in three
regions in the southern-central Finland, in Lapinjärvi (60�380N,
26�120E), Vilppula (62�040N, 24�340E), and Sotkamo (64�120N,
28�300E). The long-term (1981–2010) annual precipitation aver-
aged 672 mm in the Lapinjärvi region, 625 mm in the Sotkamo
region, and 600 mm in the Vilppula region, respectively. The
long-term mean annual temperature was +5.5 �C at Lapinjärvi,
+3.5 �C at Vilppula, and +1.5 �C at Sotkamo. The mean tempera-
tures for July and February were +14.6 and �7.2 �C at Lapinjärvi,
+17.0 and �8.5 �C at Vilppula, and +13.0 and �10.5 �C at Sotkamo,
respectively. The catchments have been presented e.g. by Kiikkilä
et al. (2014; Sotkamo), Kaila et al. (2014; Vilppula), and Kaila
et al. (2015; Lapinjärvi). Thus, only a brief description of the study
sites and the methods to calculate the runoff and K export are
given here.

The Vilppula catchments were artificial catchment areas estab-
lished by isolating them hydrologically from the surroundings by
double-ditching, while the other catchments were delineated
topographically (Sotkamo catchments) or based on both double-
ditches and topography (LSOH1, LSOH2). The artificially delineated
catchments were peatland only, while in the other catchments,
peatland forests covered the lowest part of the catchments and
the surrounding uplands were mineral-soil forests.

The Lapinjärvi catchments were of the most fertile Herb-rich
type (DrHT) according to the classification of drained site types
by Vasander and Laine (2008) (see, Westman and Laiho, 2003 for
brief descriptions). In these sites the dominant species group in
the surface vegetation is herbs such as Oxalis acetosella L. and
Filipendula ulmaria (L.) Maxim. The Vilppula catchments repre-
sented the nutrient-poor ombrotrophic Dwarf-shrub type (DrDsT),
where surface vegetation is mainly dominated by dwarf shrubs
such as Ledum palustre L., Vaccinium uliginosum L., V. vitis-idaea L.
and V. myrtillus L. The sites of the Sotkamo catchments belonged
to three different site types: (1) the nutrient-rich minerotrophic
Vaccinium myrtillus type (DrMT) characterized by V. myrtillus as
the most common dwarf shrub species and with small herbs such
as Trientalis europaea L., Dryopteris carthusiana (Vill.) H.P. Fuchs and
Maianthemum bifolium (L.) F.W. Schmidt, (2) the minerotrophic
Vaccinium vitis-idaea type (DrVT) dominated by V. vitis-idaea and
V. myrtillus, and (3) DrDsT. The peat N, P, Ca, Mg and K contents
were generally higher in the minerotrophic than the ombrotrophic
sites, although the correlation between site types and peat nutrient
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