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ABSTRACT

Wood ash application (WAA) has been recommended mainly for two reasons;
i) to avoid depletion of minerals in the soil due to whole tree harvest in the
forestry and ii) to mitigate harmful effects of acidification of soil and surface
waters. In conclusion, the effects on terrestrial ecosystems and, especially, tree
growth, can be attributed to the properties of the ash, the dose applied and the
specific site at which the ash is applied. The research conducted on the effects of
WAA on limnological ecosystems is very limited, and the major purpose of the
present thesis was to gain knowledge of the effects of wood ash to different
freshwater organisms, and the more comprehensive, limnological effects of WAA
in a first order stream in Bispgarden, Sweden.

Effects of wood ash solutions on the unicellular alga Euglena gracilis Klebs, the
amphipod Gammarus pulex L., and the moss Fontinalis antipyretica Hedw. were
investigated under laboratory conditions. Common in all three species was the
decline in performance (growth/velocity/respiration/oxygen evolution) when the
concentration of wood ash exceeded 5 g/l and no adjustment of pH was done
(alkaline solution). In contrast, different movement parameters (motility, upwards
swimming and velocity) in E. gracilis (neutral conditions), and increased growth of
F. antipyretica with increased concentrations of wood ash indicated that nutrients in
the ash was bioavailable for these organisms. There was no evidence of toxic
effects on the organisms from metals or other compounds as a result from
exposure to wood ash solutions in the present studies.

The field study was conducted in a forest area close to Bispgéarden, about 100
km NW from Sundsvall, Sweden. The catchment area (50 ha) of the stream
Fanbergsbacken was treated with wood ash in September of 2004 (3,000 kg/ha; self-
hardened crush-ash). In general, both biological (diatoms) and chemical (pH,
alkalinity, and aluminum (Al) measurements) indicators have shown no significant
effect on acidification parameters from the addition of wood ash. There was,
however, evidence of an increased pH during spring flood, accompanied with a



decrease in the frequency of low pH values (< 5.6) during spring flood. In addition
to this, alkalinity was significantly higher in the period 2005-2006, compared to
that of 2003. High concentrations of toxic forms of Al repeatedly occurred in the
stream Fanbergsbacken, and the WAA did not affect the frequencies of high
concentrations of toxic Al forms (>50 ug/l). Both the moss F. antipyretica and the
leaves from Alnus incana displayed increased potassium (K) concentrations,
although other nutrients did not increase from WAA. There were no indications of
contamination by toxic metals as a consequence of WAA. In conclusion, no
evidence of WAA being effective in restoring or improving the ecological status of
freshwater environments has been established, either in the literature or in the
present field study. On the other hand, there were no indications of harmful effects
due to WAA, either. However, we still do not know the effects of wood ash on
several organisms (predominantly invertebrates) inhabiting small ponds and other,
temporary or permanent, freshwater ecosystems. In the context of WAA, these
environments and organisms have not attended any attention in the research
published to date, and future studies are strongly encouraged.

Keywords: wood ash, Euglena gracilis, Gammarus pulex, Fontinalis antipyretica, pH,
alkalinity, toxicity, nutrients, first order stream
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1. INTRODUCTION

1.1 THESIS BACKGROUND

Wood ash application (WAA) has been recommended mainly for two reasons;
i) to avoid depletion of minerals in the soil due to whole tree harvest in the
forestry and ii) to mitigate harmful effects of acidification of soil and surface waters
(Anon., 2001) (Fig. 1). The depletion of minerals from the soil has been, and to
some extent still is, of major concern to the silvicultural activities in the boreal
region. Several studies have suggested that the natural weathering of the soil
minerals may be insufficient to meet the demands by the trees (Sverdrup and
Rosen, 1998; Ingerslev et al., 2001; Sverdrup et al., 2006). As a consequence of the
possible lowered biomass production, the research regarding terrestrial ecosystems
and tree growth has been extensive (Silfverberg, 1996; Arvidsson et al., 2001;
Moilanen et al., 2002; Jacobsson, 2003). The results, however, are quite ambiguous,
and only a few generalizations can be made. In conclusion, the effects on terrestrial
ecosystems and, especially, tree growth, can be attributed to the properties of the
ash, the dose applied and the specific site at which the ash is applied (Aronsson
and Ekelund, 2004). The research on the effects of WAA on limnological
ecosystems is very limited, and the major purpose of the present thesis has been to
gain knowledge of the effects of wood ash on different freshwater organisms (I-
III), and the more comprehensive, limnological effects of WAA in a first order
stream in Bispgarden, Sweden (IV).

Tree Residues

Ca, Na, Mg, K, Si ...

AFTER WAA ; BEFORE WAA
Na* K Mg } H* H' Ca H*
ca* H* Ca* Na' i K* H H Na
K H Mg : H Mgz H H

Fig. 1. The principles of wood ash recycling. After whole tree harvest, tree
residues (branches and tree tops) are delivered to the power heating plant. The
burning of biofuel produces large amounts of wood ash, which has been
recommended to be recycled to the forest. Note the properties of nutrients (Ca?,
Na*, Mg?, K*) vs. hydrogen ions (H*) in the forest soil before (right) and after (left)
wood ash application (WAA).



1.2 CHEMICAL AND PHYSICAL PROPERTIES OF WOOD ASH

Several authors have reported that wood ash is dominated by the
macroelements calcium (Ca), silicon (5i), aluminum (Al), potassium (K), and
magnesium (Mg) (Olanders and Steenari, 1995; Steenari and Lindqvist, 1997;
Demeyer et al., 2001; Hansen et al., 2001; Holmberg, 2003; Aronsson and Ekelund,
III) (Table 1). Other ecologically important macroelements found in considerably
high concentrations are phosphorous (P) and sodium (Na) (Aronssson and
Ekelund, III). In principle, the only important plant nutrient missing is nitrogen
(N), which is evaporated in the combustion process. Hence, the recommendation to
recycle wood ash to the forest in order to avoid depletion of mineral nutrients
seems logic and possibly will be easily accepted.

Table 1. The contents of ecologically and physiologically important elements in
the wood ash and in the test solution (10 g/l) that was used in the experiments
on Fontinalis antipyretica (A), and the pH of the different concentrations of wood
ash solutions used in the specific growth tests with Euglena gracilis (B).

Wood ash Test solution

(A) Element (mg/kg DW ) (ug/l)

Ca 205,492 452

Si 96,928 1,141

K 30,590 20,770

Al 29,677 802

Mg 15,678 5.6

P 9,964 107

Na 6,225 883

Zn 831 2.9

Cu 64 1.6

Cr 40 2.1

Ni 24 1.3

Cd 4.0 0.0
(B) Concentration (g/1) pH

1 7.4

2.5 7.9

5 8.2

10 8.7

15 11.5

25 11.2

An important characteristic of wood ash is the strong alkaline ability. The
calcium carbonate equivalent (CCE) of wood ash ranges between 13.2 and 92.4 %,
calculated on 18 different wood-fired boiler-ash samples (Vance, 1996). Demeyer
et al. (2001) reported values of pH-H:0 ranging between 8.9 and 13.5, and in a
study by Aronsson and Ekelund (II) even low concentrations of wood ash (0.1-0.5
g/l) induced alkaline conditions (pH 7.4-8.1). In the study by Aronsson and
Ekelund (II) wood ash solutions between 1-10 g/l were highly alkaline (pH 9.2-
11.7). Considering the results reported, wood ash may be very effective in
neutralizing acidified soil and surface waters, and may consequently be an
alternative to lime (Aronsson and Ekelund, 2004).
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The physical properties of wood ash are of great importance in predicting the
environmental impact of WAA. Aronsson and Ekelund (2004) identified three
main forms of wood ash used in different studies; fly ash or loose ash
(unstabilized), self-hardened crush-ash (stabilized) and pelleted and agglomerated
ash (stabilized). The liming effect of the ash is extended and the possible shock
effects of high pH avoided when using stabilized ash (Steenari et al., 1999). When
using loose ash, the pH of the humus layer has been reported to increase by 2.5
units; when using granulated ash the effect was moderated or not even detected
(Egnell et al.,, 1998). At present, the self-hardened crush-ash is the dominant form
of ash used in Swedish silviculture.

The hazardous effects of wood ash are mainly due to the contents of
potentially toxic metals, although other toxic compounds may be present. Most
attention and research have been attributed to the environmentally very toxic,
heavy metal cadmium (Cd). The Swedish Forest Agency has stated the highest
allowed concentration of Cd in wood ash for recycling to forest to 30 mg/kg ash
(dry substance); the highest concentration allowed in sewage sludge for use in
Swedish agriculture is 0.4 mg/kg (Anon., 1999a). In Finnish agriculture, the
allowed concentration is 3 mg/kg (Fritze et al., 2000), and Danish authorities allow
2.5 to 3.2 g/ha/5 years (Miljo— og Energiministeriet, 2000). Cadmium concentrations
in ash used in different studies usually differ between 1-20 mg/kg (Aronsson and
Ekelund, 2004). A future, large-scale practice of WAA may lead to an increase in
radioactive ¥Cs (cesium) in forest soils and biota. The fire in reactor 4 at the
Chernobyl nuclear power plant in 1986 led to the contamination of large areas in
central Sweden, and recycling of wood ash from these areas may significantly raise
137Cs levels in the forest ecosystem. Therefore, the Swedish Radiation Protection
Agency has restricted the highest allowed concentration of ¥’Cs for use in forests
to 5 kBq/kg wood ash (Anon., 1999b). The influence of the availability of mercury
(Hg) and Al after WAA has been discussed in several studies; the potential effects
are, however, secondary and not originating from the elemental constitution of the
wood ash itself (Aronsson and Ekelund, 2004). Common metals, potentially toxic at
high concentrations, found in wood ash are iron (Fe), nickel (Ni), zinc (Zn), cobalt
(Co), arsenic (As), and chromium (Cr) (Levula et al., 2000; Perkioméki and Fritze,
2002a; Chirenje et al., 2002ab). Wood ash may also contain considerable amounts of
polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs)
(Bundt et al., 2001).

1.3 BIOLOGICAL EFFECTS OF WOOD ASH

The effects on tree growth from WAA are quite ambiguous, and to a large
extent dependent on the characteristics of the site treated. Several authors have
reported an increase in stem and tree growth rate on N-rich sites (primarily
peatland) in Finland (Silfverberg, 1996, Moilanen, 2002), and similar results have
also been reported from Sweden (Hogbom et al., 2001c; Jacobsson, 2003) and
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Switzerland (Hallenbarter et al., 2002). However, since the growth-inhibiting factor
in the majority of mineral soils and upland forest stands is N-deficiency, no effect
or even decreased growth on less fertile sites have been reported (Jacobsson, 2003).

The research on the effects of WAA on the ground vegetation primarily
shows a rapid, initial effect which decreases after a few years. In a study by
Jacobsson and Gustafsson (2001), recovery of affected moss was initiated 2 years
after treatment, and after 5 years no visible damage could be seen. When pelleted
ash was used, no effects were observed. Similar results have been reported by
Arvidsson et al. (2001), and Nilsson (2001) reported no significant changes of the
elemental contents in bilberry (Vaccinium myrtillus L.) following WAA. However,
these studies were all conducted in forests growing primarily on mineral soils. In
Finland, on the other hand, substantial changes to the existing ecosystem following
WAA have been reported. A transition from a typical peatland ground flora (dwarf
shrubs and mosses) toward a ground flora typical for upland forests (grasses and
herbs) on a drained mire was the result from ash fertilization (Moilanen et al.,
2002). For lichens, the effects seem to be largely dependent on the degree of
stabilization of the ash; Jacobsson and Gustafsson (2001) report no visible damage
when using pelleted ash, although severe damage has been reported when
unstabilized ash was used (Silfverberg, 1995; Ingerslev et al., 2001).

Ectomycorrhizal fungi are important for nutrient uptake of forest trees and
recent studies suggest it may play a vital role in the mobilization of nutrients in the
wood ash (Mahmood et al.,, 2001; 2002; 2003). As reported by Hagerberg and
Wallander (2002), wood ash amendment resulted in 2.4 times more
ectomycorrhizal fungal biomass. Frostegard et al. (1993) showed that in spite of an
increased pH the amount of fungi was unaffected by WAA, and non-significant
changes in the mycorrhizal community was reported by Taylor and Finlay (2003).
However, despite the seemingly low impact of wood ash to the ectomycorrhizal
community, future studies are of great importance to really establish relevant facts
on the effects of WAA to this ecologically important coexistence.

Due to an increased soil pH, an elevated availability of nutrients and the
mineralization of organic matter, several authors have reported increased
microbial activity and biomass following WAA (Baath et al., 1992; Baath and
Arnebrant, 1994; Fritze et al., 2000; Perkiomake and Fritze, 2002ab; Zimmermann
and Frey, 2002; Mamood et al., 2003). Changes in humus microbial activity have
been detected 18 years after wood ash treatment (Perkioméki and Fritze, 2002a).
Soil decomposer fauna, in terms of enchytraeids and microarthropods, seem to be
quite resilient and tolerant to changes in the soil chemistry after wood ash
treatment (Lundkvist, 1998; Haimi et al., 2000; Liiri et al. 2001, 2002). A common
feature after WAA has been the increase in soil respiration (CO2 emission) and the
magnitude of these processes may be of great importance, considering the common
idea of the forest acting as a sink of carbon (Aronsson and Ekelund, 2004). It may
prove that WAA decreases the ability of the forest to mitigate the anthropogenic

4



greenhouse effect, a development of less desired nature.

As concluded by Aronsson and Ekelund (2004), the lack of knowledge in the
research field of aquatic ecosystems and their response to WAA makes it an
important issue for future research. In a review on the effects of lime, wood ash
and N-free fertilizers, Nohrstedt (2001) reported no studies on limnological effects
of such treatments. At present, the only published large-scale investigation of the
limnological effects from WAA was conducted in a catchment of two small, humic
lakes in Finland (Tulonen et al., 2002). The concluding results from that

investigation were a minor increase of K7, S0+2", and CI  in lake water, followed by
an increase in phytoplankton biomass. In brook water from the area treated with
ash, a non-significant increase in pH and a significant increase in alkalinity were
observed. In addition to the field studies, in vivo tank experiments with lake water
were conducted. The results from these studies showed an increase in pH,
alkalinity, conductivity, and Ca and P concentrations increased. Contrary to the
case in the lakes, phytoplankton production and chlorophyll a concentrations
decreased in the tank experiments (Tulonen et al., 2002).

2 THE PRESENT THESIS

This section is intended to give an overview of the different strategies and
methods that have been utilized in order to investigate the effects of wood ash on
different freshwater organisms and ecosystems. Starting out from the results of the
study by Tulonen et al. (2002), and studies on the effects of ash originating from
wild fires (Patoine, 2000), and the vast amount of literature dealing with the liming
activities in the Scandinavian countries, we have tried to conduct adequate
research on the limnological effects of wood ash and wood ash application. This
section presents the results achieved from these investigations, as well as
discussions considering the effects of wood ash in different contexts.

2.1 LABORATORY STUDIES

2.1.1  Unicellular alga — Euglena gracilis Klebs

The unicellular flagellate Euglena gracilis (Fig. 2) has previously been used for
assessing the condition of freshwater environments and detecting different
contaminants in such environments (Petersen-Mahrt, 1997; Danilov and Ekelund,
2001; Einecker-Lamas et al., 2002). The contents of potentially toxic metals in the
wood ash made E. gracilis and the automated detection system ECOTOX a suitable
method for detecting any harmful effects from wood ash (I). The ash was dissolved
in distilled water and diluted to different concentrations (1.0, 2.5, 5.0, 10, 15 and 25
g/l), and the experiments were conducted with solutions adjusted to pH seven
(neutral) or non-adjusted solutions (alkaline, pH>7). In addition to growth
experiments, different movement parameters (motility, velocity, direction) were



measured and analyzed. The main results indicated

Yo that E. gracilis was sensitive (decreased movement

g "" and cell growth) to high concentrations (>5 g/l) of
. alkaline wood ash solutions (I). On the contrary,
[ when pH was adjusted to seven, an increased

motility was obtained. The suggested explanation to
the observed results was a carbon dioxide deficiency

Fig. 2. The unicellular  ,nder alkaline conditions (pH>8). The pH of the
flagellate Euglena gracilis

used in the tests with ) . s
wood ash solutions. concentration of the solution, and showed inhibiting

Photo: A. Aronsson. effects at concentrations exceeding 5 g/l (Table 1).
The negative responses of E. gracilis to wood ash
were solely derived from the alkaline features of the ash solutions, and no toxic
effects from metals or other pollutants were detected (I). The increase in movement
parameters in the neutral wood ash solutions indicated that the alga could benefit
from the different mineral nutrients in the ash solution. In the control (distilled
water) and the lowest concentrations of ash solution, the values of the movement
parameters were significantly lower, compared to those in the higher
concentrations of ash solutions. These observations were explained by the
physiological needs of E. gracilis to different nutrients, in order to maintain
function and the ability to reproduce. In a broader context, WAA may induce
eutrophication (increased availability of nutrients) of naturally oligotrophic
freshwater ecosystems, followed by an increase in algal biomass production (I).

wood ash solutions strongly increased with the

2.1.2 Freshwater amphipod — Gammarus pulex L.

The freshwater amphipod Gammarus pulex L. has been proposed to play a key
role in the nutrient cycling in freshwater systems. It is an important prey for many
species of fish, and it is commonly used in toxicity tests and in assessments of
freshwater environments (McCahon and Pascoe, 1988a; Malbouisson, 1995; Brooks
and Mills, 2003; Cold and Forbes, 2004). The osmoregulation of G. pulex may be
affected by Cu (Brooks and Mills, 2003) and Al has been reported to have negative
effects on the ion regulation of G. lacustris (Kroglund, 1998). Also, the reproduction
of G. pulex has previously been shown to be negatively affected by Cd (McCahon
and Pascoe, 1988b). The features mentioned above, in addition to the ability of
being possible to maintain under laboratory conditions, made G. pulex a suitable
model organism. This investigation was not only a toxicity test with Cd, Al and
wood ash, but also an attempt to develop a new methodology for testing toxicity
without using mortality as an endpoint for the test.



For this purpose, a Clark-type oxygen
electrode connected to a printer, normally
used for photosynthetic experiments on
algae or plants (Herrmann et al, 1996;
Armstrong et al, 2000), was used. The
experiment started with 100 % oxygen
saturated water and the decrease in oxygen
level as a result of the respiration of the

animals was measured. In the toxicity tests Fig. 3.‘ The measuring chamber
with Al and Cd, nine different nominal used in the tests on Gammarus
concentrations was used; 0.0125, 0.025, 0.05, PuleAXl ?(Iposelcll to .WO(ic.i a%l, (}:1d
0.1, 02,03, 04, 05, and 1.0 mg/l. For the g}iam.ber(.)gshfyts:ainzr‘;io;?ssgn.et e
wood ash solutions, five different

concentrations were prepared; 0.1, 0.5, 1.0, 5.0, and 10.0 g/l. After exposure to the
different solutions for 4 or 24 h, each single animal was placed in the measuring
chamber (Fig. 3) and oxygen consumption was recorded for five minutes. After
this, the animals were gently dried with tissue paper and weighed. A respiration
index value (RI) was calculated by dividing the oxygen consumption (umol Oz) by
the time of each test and the weight (mg) of each tested animal, followed by the
multiplication of 10 000. This proved to give manageable data and a RI expressed
as umol Oz - min? - mg™ - 10%. For verifying that oxygen consumption of G. pulex
was recorded, KCN (potassium cyanide, 0.5 M) was added to the test chamber at
an early stage of the methodology development, inhibiting mitochondrial
respiration. This effectively obstructed respiration of G. pulex and no oxygen
consumption was recorded (II).

The negative effects of wood ash exposure to G. pulex (lower Rl-values) were
correlated with the increase in pH associated with elevated concentrations of wood
ash (II). A combination of high levels of hydrogen ions (H*) in association with
high concentrations of different metal ions (e.g. K*, Ca?, Na*, Mg*) was likely the
explanation to the results observed. The gills of crustaceans serve a dual role in
respiration and active ion uptake (Brooks and Mills, 2003), and compensation for
salt stress by active ion regulation is associated with considerable energy
consumption and should have a significant effect on the energy metabolism of the
animal (Koop and Grieshaber, 2000). The toxicity of Cd to G. pulex has previously
been demonstrated by McCahon and Pascoe (1988 b). In the present study,
increased levels of Cd severely inhibited respiration of G. pulex, and lowered the RI
in the range of 0.2-0.4 mg/l after 24 h of exposure. There were also differences
between the 4 and 24 h Cd tests regarding the effects on the respiration (II). The
study was, however, unable to detect any significant effects from Al to the
respiration of G. pulex. This was probably due to the alkaline conditions (pH 7.5)
under which the tests were conducted, since absence or very low concentrations of
toxic forms of inorganic Al are usually found under such conditions (Andrén,
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2003). In conclusion, the method described in paper II seems to be a useful probe
for detecting sublethal levels of contaminants in freshwater environments.

2.1.3 Freshwater moss — Fontinalis antipyretica Hedw.

The freshwater moss Fontinalis antipyretica Hedw. is a common and
widespread species in the northern hemisphere, thereby commonly used in
assessment of human impact on the natural environment. The moss has the
capability to endure harsh conditions and high levels of contaminants. In addition
to these features, the moss rapidly assimilates contaminants, like heavy metals, and
releases them at a slow rate (Say et al., 1981; Siebert et al.,, 1996, Cenci, 2000;
Figueira and Ribeiro, 2005). The research on F. antipyretica has mainly been carried
out in situ, although a few investigations have been conducted under laboratory
conditions, in vivo. In the present investigation, 20 mm long shoot apices from the
moss were cultivated in glass tubes with wood ash solution (0.1, 0.5, 1.0, 5.0, and
10.0 g/l) for a nine-week period. As earlier described for E. gracilis (I), each
concentration of wood ash was prepared in duplicate; one alkaline and one with
pH adjusted to neutral. Every second week, the growth of the apices was
G measured. At the termination of the experiment,

il pigment analyses were conducted, in order to
determine any physiological effects from wood
: ash other than detected in the growth
measurements. In addition to the growth
experiment, photosynthetic measurements in
i terms of oxygen evolution were performed, using
al il I a Clark-type electrode connected to a printer. The
Fig. 4. A secondary branch .0 (oncentrations of wood ash as in the growth
developed on the freshwater . . ; .
moss Fontinalis antipyretica experiment were used, and the incubation time
after cultivation in 5 g/l of before conducting any oxygen measurements was

wood ash solution for nine  four hours.

weeks. The distance between :
lines is 2 mm. Photo: A In the growth experiments, the moss proved

Aronsson. to be more resilient to high pH, compared to the
alga E. gracilis. There were no statistical
significant differences between the growth in alkaline and neutral wood ash

solutions, irrespective of the concentrations of the solutions (III). As previously
shown for E. gracilis, F. antipyretica could benefit from the nutrients in the wood
ash, and growth was particularly enhanced at 0.5-5 g/l. At the highest
concentration of 10 g/l, a small decline in growth was observed. A very interesting
feature of the moss was the growth of secondary branches from week three and
throughout the experiment (Fig. 4). This feature has previously been reported in
similar experiments on terrestrial moss species (Rowntree et al., 2003). The growth
of secondary branches at the end of the experiment proved to comprise a
significant share of the total growth of the moss apices (main stem + secondary
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branches). At several occasions, the growth of secondary branches seemed to be
correlated with the condition of the tip of the single apex. When this was
apparently dead or lost, growth of secondary branches accelerated at an early stage
of the experiment. This hypothesis was therefore tested, using the same
experimental setup as for the original experiment, although with only two
treatments; one control of shoot apices not treated at all, and one group of apices
where the tips where removed. After nine weeks, the growth of secondary
branches was measured, and the group with cut-off tips showed a significant
increase in secondary branch growth (III). This phenomenon is commonly referred
to as apical dominance, or rather to loss of the same. Normally, the tips of plants
and mosses produce a hormone (auxin) which inhibits the development of
secondary branches. When the tip is lost, no such hormone is produced, and
secondary branches may develop. In mosses, the formation of branches is
stimulated by the presence of calcium (Ca) (Schumaker and Dietrich, 1997), an
element that is common in wood ash and wood ash solutions (Table 1).

The growth experiments clearly showed that F. antipyretica benefits from
moderate concentrations of wood ash solution (III). However, in the short period
experiments with oxygen measurements, the moss performed very badly at high
concentrations of alkaline wood ash solutions. This was probably due to the same
process as earlier described for E. gracilis (I); at a certain level of pH, the amount of
carbon dioxide is rapidly transformed to carbon not easily assimilated by
photosynthetic organisms.

2.1.4 Summary of the laboratory results

A summary of the results from the present laboratory studies is presented in
Fig. 5. The graph shows different features investigated on the three different
species E. gracilis, G. pulex, and F. antipyretica. Common to all three species was the
decline in performance (growth/velocity/respiration/oxygen evolution) when the
concentration of wood ash exceeded 5 g/l and no adjustment of pH was done
(alkaline solution). An example of the opposite was demonstrated by the increase
in motility for E. gracilis; however, this solution was adjusted to neutral pH, in
comparison to the other experiments (Fig. 5). For G. pulex, low RI values were
recorded in wood ash solutions exceeding 1 g/l, corresponding to pH values >9.2
(Fig. 5; data in brackets). In contrast to the general pattern, the total growth of F.
antipyretica and the specific growth of E. gracilis at concentrations <10 g/l were
improved by wood ash. However, at 10 g/l, the growth of the two species was
declining, and for E. gracilis a dramatic reduction was observed in the two highest
concentrations (15 and 25 g/I). The increased performance with increased amounts
of wood ash, as well as the sudden decline at concentrations exceeding 5 g/l has
been discussed in I and III. Increased growth supposedly was the result of the
presence of essential mineral nutrients accessible in the wood ash solution. In
contrast, concentrations exceeding 5 g/l wood ash inhibited growth by restricting
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the availability of carbon dioxide needed in the carbon assimilation process of the
photosynthesis. Concentrations of wood ash exceeding 5 g/l commonly correspond
to pH values of nine or higher (I-III), which has been proposed to significantly
decrease the availability of carbon dioxide (Chen and Durbin, 1994). The effects
observed on the freshwater amphipod G. pulex were probably caused by the high
pH in combination with a high ionic strength from the minerals in the wood ash
(such as K, Na, Ca, Mg, Si). The surrounding environment forces the animal to
actively regulate internal ion levels, which has been proved to be associated with
considerable energy consumption (Koop and Grieshaber, 2000). Consequently, the
4 and 24 h alkaline treatments resulted in decreasing RI values and low numbers of
respiring animals with increasing wood ash concentrations (56 and 44 %,
respectively; II).

There was no evidence of toxic effects on the organisms from metals or other
compounds as a result from exposure to wood ash solutions. This was also
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—~O- Euglena (velocity inhibition)
—4— Euglena (specific growth)
—%— Fontinalis (oxygen evolution inhibition)

—i- Euglena (motility increase)
—— Gammarus (inhibition RI)
-~ Fontinalis (avarage total growth)

Fig. 5. The effects of different concentrations of wood ash solutions (0.1-25
g/l) illustrated by different features of the three species Euglena gracilis,
Gammarus pulex, and Fontinalis antipyretica. Red colored curves denote
alkaline and blue neutral solutions (pH adjusted to 7). Inhibition or increase
was compared to the control of each experiment, with the exception of total
growth of F. antipyretica, where maximum growth was obtained at 5 g/],
and thus this concentration served as control for this comparison. Data in
brackets corresponds to the pH of the different concentrations of wood ash
in the experiments on G. pulex; no confident comparisons with respect to
the pH in the graph should be done to the other species. For details, please

refer to I-II1.
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supported by the additional analyses of the solutions, which showed low
concentrations of potentially harmful metals as Cd, Cu, Ni, and Zn (I-III). In the
investigation on G. pulex (II), Cd solutions were prepared in order to test the
method of measuring respiration of the animals as an indicator of physiological
stress. The results indicated that with increased nominal Cd concentrations, the RI
values decreased. At the two highest concentrations of 0.5 and 1.0 mg/l, the
exposure was lethal in the 24-h test. We believe these results support the
usefulness of this method to test non-lethal concentrations of environmental
pollutants, which may be found in wood ash.

2.2 FIELD STUDY

2.2.1 Research area and experimental setup

The field study (IV) was conducted in a forest area close to Bispgarden, about
100 km NW from Sundsvall, Sweden (Fig. 6). The catchment area (50 ha) of the
stream Fanbergsbacken was treated with wood ash in September of 2004 (3,000
kg/ha; self-hardened crush-ash from Jamtlamell, Ostersund, Sweden). The
Reference stream (40-ha catchment) was situated approximately 900 m SW from
the aforementioned catchment (Fig. 6), and the primary objective with this stream
was to distinguish possible effects of wood ash to the stream Fanbergsbécken from
natural fluctuations. At each stream, water samples were collected at three
different sites (FAN 1-3, and REF 1-3, respectively).

2.2.2 Investigations included in the field study

The foundation of the field study was comprised by an intensive collection of
water samples from the two streams. Any possible effects on the stream biota
should thereby be able to connect to a subsequent change in the constituents of the
stream water. Since the recommendations by the Swedish Forest Agency lately
seem to be more oriented toward the mitigation of acidification, several
acidification parameters were measured. The pH and carbonate alkalinity of each
water sample were measured, together with quickly reactive Al (Aler) and
dissolved organic carbon (DOC). These four parameters are generally considered
to covariate, and usually also correlate well to biota of the streams (Laudon et al.,
2005). On a monthly basis (during the ice free period), absorbance measurements
of the water samples were conducted in order to determine water color.
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Fig. 6. Location of the investigation area and the three sampling sites in the
stream Fanbergsbacken (FAN 1-3) and the Reference stream (REF 1-3). Flow
direction is indicated by arrows. The areas of the catchments are indicated in
the figure. From Aronsson and Ekelund, IV.

Periphyton (organisms thriving on substrata in aquatic environments) in
headwater streams, similar to the ones in the present study, mostly consist of
diatoms. These usually very small (10-150 pm), unicellular algae often represent a
significant part of the in-stream primary production of shaded, headwater streams
(Mosisch et al., 2001). Several authors have concluded diatoms to be very useful in
assessing the prevailing status of a stream, in terms of acidification, organic
pollution and trophic level (Kelly et al., 1998; Bate et al., 2004; Salomoni et al., 2006;
Kovacs et al., 2006). Therefore, periphyton samples were collected in August of
each year, later to be sent for identification of the diatom flora. Different indices
based on the diatom community in streams have been developed and were applied
on the data obtained from the diatom analyses.

In the stream Fanbergsbacken, the aquatic moss F. antipyretica was found
about 100 m downstream from the sampling site 3. Since this moss provides good
opportunity to assess changes in the environment (see III for details), tufts of about
50 g were collected during the whole investigation period (2003-2006) and
analyzed for elemental contents. Measurements of fluorescence at three different
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sites with moss in the stream were also conducted; however, differences were
small and no further analysis of these data was performed. Unfortunately, no moss
grows in the Reference stream, and hence no comparisons in this respect have been
done between the streams.

The benthic fauna of the stream was primarily investigated in terms of
drifting behavior during wood ash application. The purpose of these investigations
was to determine if wood ash application would induce so-called catastrophic drift
behavior. Normally, benthic invertebrates drift during night to avoid predators.
However, when stress (chemical or high abundance of predators) reaches a certain
level, catastrophic drift may occur (Gothe et al., 1993; Giller and Malmqvist, 1998).
This is associated with increased energy consumption and open exposure to
predators, which obviously are no favorable conditions for these organisms and
their community.

Measurements of the Chl a concentrations of the stream water were also
carried out; however, the values were very low (<1 ug/l). The values were actually
below the detection limit recommended by the Swedish EPA (Anon., 2000), and no
further analysis were therefore performed on these data.

Since the primary production in headwater streams is limited, terrestrial
input of energy is very important (Vannote et al., 1980). Common detritus in small
streams are needles from conifers (Picea abies and Pinus sylvestris) and leaves from
deciduous trees like Grey alder (Alnus incana) and Birch (Betula spp.). In order to
determine if the elemental contents of this important energy source would be
affected by WAA, we collected leaves from an alder stand adjacent to the stream
Fanbergsbacken in August of each year. These were frozen and later analyzed for
elemental contents.

2.2.3 Results from the field studies

When comparing annual pH values in the stream Fanbergsbacken before and
after the application of wood ash in September of 2004, no evidence of a treatment
response was found (IV). However, in the spring period (April and May) of high
flow, an increase in pH values was observed for 2005 and 2006, compared to the
values of 2003. In addition to the increased pH, the frequency of low pH values (<
5.6) decreased during the spring period; from 60 % in 2003 to 22 % in 2006. In the
Reference stream, low pH values (<5.6) were only observed at five occasions
during the four-year study. These five occasions all originated from the first year
(2003) and the total number of samples was 247. In conclusion, pH values in the
year 2003 were low for both streams, whereas in 2004, the pH values increased.
The alkalinity of the stream Fanbergsbdcken was significantly higher in the years
2004-2006, compared to the alkalinity in 2003. We also observed higher alkalinity
for the year 2006, compared with the years 2004 and 2005; however, this increase
was non-significant. Quickly reactive aluminum at ecologically relevant
concentrations (>50 pg/l) in the stream Fanbergsbacken did not differ statistically
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between years during the investigation period (2003-2006). In summary, high
concentrations of Alor frequently occurred and no treatment response from WAA
was observed. The water of the stream Fanbergsbacken was moderately colored
during the investigation period (26 + 7 mg Pt/l) and the water color was closely
associated with the DOC values (r = 0.994; absorbance at 330 nm, n =22).

The diatom flora community proved to be the most interesting biological tool
for the assessment of effects from WAA. The number of taxa did not change much
during the season, or between years. In total, 129 taxa of diatoms were recorded
from the two streams during 2003-2006, and the highest number of species was
recorded in the stream Fanbergsbacken in 2003 (n = 57) (IV). A recently developed
index called ACID (Andrén and Jarlman, 2007) was able to separate samples from
the two different streams; however, no changes of the diatom community
attributed to WAA in the catchment of the stream Fanbergsbédcken could be
observed. The diatom index IPS (Indice de pullousensibilité; 0-20, where 20
indicates the highest quality) was never below 19.3, and showed that both streams
were low in nutrients and without any organic pollution (IV).

Next to the diatom flora, the concentration of nutrients in F. antipyretica was
the best predictor of possible effects from WAA. The moss was resilient to both
freezing and drought, although collection of moss samples was obstructed in
August of 2006, due to drought. The different mineral nutrients did not show very
much variation between years, with the exception of K, which increased
significantly during the last year (2006). No increase in potentially toxic metals (e.g.
Zn, Ni, Cu, Pb, Cd) explained by the WAA was detected (IV).

The low number of individuals in the invertebrate drift of the stream
Fanbergsbacken (<10 animals/site) made statistical analyses of this biological
indicator impossible. The natural fluctuations and drifting behavior could not be
separated from the possible effects from the treatment with wood ash in the
catchment.

A twofold increase in K concentrations of alder leaves was observed during
the investigation period, although no changes in other mineral nutrient
concentrations could be detected. The concentrations of Zn and Al increased from
2003 to 2004, yet considering that these elements remained constant at this level in
2005 and 2006, no treatment effect from wood ash could be concluded (IV).

2.2.4 Summary of the field study

The biological investigations proved to be sensitive to natural variations in
the streams. The stream Fanbergsbdcken was deep-frozen during the winter
seasons (at least Dec — Mar), and the stream even dried up for a short period in
August of 2003, 2004 and 2006. Added to this, sudden storm events (e.g. August of
2003), and the effects from WAA were not always easy to distinguish among the
natural fluctuations in small headwater streams. Nevertheless, we believe that the
biological investigations together with the results from the analysis of water
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chemistry could provide us with enough information to draw accurate conclusions
about the limnological effects of WAA on the stream Fanbergsbacken. In general,
both biological (diatoms) and chemical (pH, alkalinity, and Al measurements)
indicators have shown no significant effect on acidification parameters from the
addition of 3,000 kg (DW) self-hardened crush-ash per hectare forest. There was,
however, evidence of an increased pH during spring flood, accompanied with a
decrease in the frequency of low pH values (<5.6) during spring flood. In addition
to this, alkalinity was significantly higher in the period 2005-2006, compared to
that of 2003. However, the increase in 2006 did not separate statistically from the
years 2004 and 2005. High concentrations of toxic forms of Al repeatedly occurred
in the stream Fanbergsbécken, and the WAA did not affect the frequencies of high
concentrations of toxic Al forms (>50 ug/l).

Both the moss F. antipyretica and the leaves from A. incana displayed
increased K concentrations, although other nutrients did not increase from WAA.
However, the diatom index IPS did not indicate any increase toward a more
eutrophic state of the stream Fanbergsbacken.

There were no indications of contamination by toxic metals following WAA,
although a sudden increase in several metals was observed for F. antipyretica in
August of 2005. These high values were temporary, and no increase compared to
prior WAA could be seen in 2006. We also observed an increase in Zn and Al in A.
incana leaves from 2003 to 2004, although no increase could be seen in the
consecutive years (2005 and 2006).

3 GENERAL DISCUSSION

3.1 INCREASED AVAILABILITY OF NUTRIENTS FROM WOOD ASH APPLICATION

The increase in growth and motility in the flagellate E. gracilis (I), and the
increased growth and secondary branch development in F. antipyretica (III) have
demonstrated the bioavailability of nutrients from wood ash in vivo. Increased
biomass production has been reported after the application of wood ash to a forest
catchment (Tulonen et al, 2002), and we have earlier mentioned the risk of
eutrophication from WAA (I, III). The indication of an increase in K in both aquatic
(F. antipyretica) and terrestrial (A. incana) species shows that nutrients present in
the wood ash probably are available for plants. However, considering the high IPS
index values (> 19.3) from the diatom analysis, no evident risk of eutrophication
from wood ash addition seemed to be present in the stream Fanbergsbécken. Yet,
the relatively short period after the application of wood ash (two years) makes
such a statement somewhat uncertain, and so far, the only element increasing
seems to be K.
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3.2 MITIGATION OF ACIDIFICATION BY WOOD ASH APPLICATION

The Ca carbonate equivalent of wood ash (i.e. the neutralizing capacity with
respect to lime) differs greatly between ashes of different origin, and Vance (1996)
reported values ranging from 13.2 to 92.4 %. In the laboratory studies of the
present thesis, the pH of the stock solutions usually was close to 12 (I-III).
However, these concentrations were very high (10-25 g/l) and probably not
ecologically relevant. Considering the laboratory results, and the recommendations
made by the Swedish Forest Agency (Anon., 2001) to recycle wood ash to mitigate
acidification, we hypothesized an increase in pH and alkalinity, in addition with
decreased concentrations of toxic forms of Al in the stream Fanbergsbdcken
following WAA. However, during the first two years after WAA, these objectives
were not achieved, at least not in a biological sense, and regardless of the fact that
ash was applied also in the riparian zone and close to the stream (IV). The diatom
community structure did not show any response to WAA, in spite of the well-
established view that these organisms are very sensitive to alterations in the
prevailing environment (Kelly, 1998; Jiittner et al., 2003) (IV). When exploring
details, some improvements of pH and alkalinity were obtained; however, only in
spring flood samples regarding pH, and alkalinity was only higher compared to
the generally acidic year of 2003. These findings correspond well with the results
reported by the authors of a thorough review of the effects from the liming of
forests in Sweden from 1983-1993 (Anon., 1996). In summary, this report stated
that no significant effects on surface water chemistry could be detected after
treatment with lime on upland forest soil (500-6,000 kg/ha). Moreover, it was
concluded that effects on surface water chemistry could only be obtained by the
treatment of wetlands and discharge areas, and at considerably high doses (> 5,000
kg/ha) (Anon., 1996). In addition, small doses of lime (500-1,500 kg/ha) can even
decrease pH in the soil solution (Anon., 1996). As a consequence of the discussion
above, following the recommendations regarding WAA made by the Swedish
Forest Agency (3,000 kg/ha; upland forest soil; Anon., 2001) would induce no
apparent effects on surface waters. In this context, it should be kept in mind that
the liming capacity of wood ash generally corresponds to 50 % to that of dolomite
lime (Voundi Nkana and Briimmer, 2006). However, only conclusions about the
initial effects from the present field study can be drawn, and whole catchment
treatment with wood ash may prove to improve the water quality of surface waters
in the long term.

3.3 TOXIC EFFECTS FROM WOOD ASH AND WOOD ASH APPLICATION

We have not been able to determine any toxic effects from heavy metals or
other compounds derived from wood ash in the laboratory studies (I-III). Much
research has been associated with the high concentrations of Cd in wood ash
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reported by several authors (Zhan et al., 1996, Hansen et al., 2001; Jacobsson 2003).
The analysis of the wood ash used in our experiments shows, however, low
concentrations of Cd and other potentially toxic metals, as well (Table 1). In the
laboratory experiments on G. pulex, Cd solutions were used to determine if any
effects from this metal could be detected. By the recently developed methodology
of measuring respiration to detect sublethal concentrations of contaminants in
water, concentrations in the range of 0.2-0.4 mg/1 after a 24-h exposure were found
to affect respiration negatively (III). Concentrations of Cd from 1-20 mg/kg wood
ash have been reported (Zhan et al., 1996; Jacobsson 2003), however recent studies
have shown that Cd is not easily leached to the environment and assimilated in the
trophic chain (Nilsson and Eriksson, 1998; Levula et al., 2000; Perkiomaki and
Fritze, 2005).

In the field study, elevated concentrations of several heavy metals (Zn, Pb,
Cu, Cr) in F. antipyretica were detected in the August samples of 2005. In the spring
of 2006, these levels of metals were not observed, and to determine if the elevated
concentrations derived from the WAA is difficult. An increase in Zn and Al in A.
incana leaves from 2003-2006 was also observed. However, this increase was most
pronounced during 2003-2004 (IV). Consequently, no effect on the concentrations
of heavy metals in the investigated organisms may be attributed to wood ash
application. This may rather be the result of natural fluctuations, very much
following the hydrological regime of the catchment. Increased stream flow as a
result from heavy rainfall or snowmelt, generates a high input of DOC associated
with increased concentrations of metals to the stream water.

4 CONCLUDING REMARKS AND FUTURE PERSPECTIVES

In conclusion, the incitement of WAA in order to improve the ecological
status of freshwater ecosystems may be argued. No evidence, either in the
literature or in the present thesis, indicates that WAA should be effective in
restoring or improving the ecological status of freshwater environments. Only
small increases in pH and alkalinity have been observed and no significant
differences in the levels of toxic forms of Al before and after WAA were observed.
This result was obtained even though wood ash was applied close to the stream
and in the discharge areas of the stream. The recommendation for application of
wood ash states that ash should be applied on upland forest soil. On the other
hand, no verification of harmful effects due to WAA in the form and dose of ash
applied was obtained in the present study (IV). Only minor effects have been
observed, of which the organisms in the stream would suffer no harm. In this
particular stream, the natural conditions, like drought in the summer and deep-
freezing in winter, probably induce more stress to these organisms, compared to
the treatment with wood ash.
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However, little is still known about the effects of wood ash on several
organisms (predominantly invertebrates) inhabiting small ponds and other,
temporary or permanent, freshwater ecosystems. Such elements in the landscape
are common features and can contribute to the bulk of regional freshwater
biodiversity (Williams, 1997; Bilton et al., 2006). The species living in temporary
waters demonstrate a number of evolved strategies that permit their survival,
commonly divided into three types: physiological tolerance, life history
modification, and migration. These freshwater environments have also been
considered to support a fauna that contains elements that either are not found in
other habitat types or have their greatest populations in such ecosystems
(Williams, 1997). Several organisms are dependent on ponds in some stage of their
life cycles; most studied are perhaps amphibians such as frogs, toads, and newts.
In the context of WAA, these environments and organisms have not attended any
attention in the research published to date, and future studies are strongly
encouraged.

Currently, the recommendations of WAA give no clear indications regarding
restrictions adjacent to springs, small streams and other freshwater environments
in the forest landscape. There are some statements associated with the regulations
of fertilization in forests; however, if large-scale practice of WAA should be
conducted, clear and proper restrictions concerning such activities adjacent to the
aforementioned ecosystems should be developed. From the results in the present
thesis, the following recommendations in order to minimize the impact on
freshwater environments from WAA are presented:

a) the use of properly stabilized ash products; preferably granules or
pelleted ash.

b) buffer strip zones not treated with ash should be left adjacent to water
bodies; to which extent and size should be adjusted to the specific water
environment encountered.

c) preferably, wood ash should be applied in upland forests only.

The field study (IV) offers no strong support to the recommendations of
using WAA to counteract acidification of surface waters. In this respect, dolomite
lime still seems to be the preferred liming agent to restore and conserve
biodiversity in freshwater environments. Thus, no recommendations of doses or
practical use of wood ash in this context can be given.
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7 SVENSK SAMMANFATTNING (SUMMARY IN SWEDISH)

Det o©kade anvandandet av biobransle (hyggesrester) vid stora
kraftvarmeverk har lett till kraftigt 6kade méngder vedaska. Skogsstyrelsen har
rekommenderat askaterforing framst for att motverka i) mineralnaringsforluster
till foljd av ett utokat biobrédnsleuttag och ii) forsurning av skogsmark och
ytvattenforekomster. Effekterna pa skogsekosystem och tradtillvaxt kan framst
hérledas till vilken méngd aska som spridits (kg per hektar), vilken form av aska
som anvénts (hdrdningsgrad), samt standortens beskaffenhet (néringstillstand,
jordart, klimat). Effekterna pa akvatiska ekosystem ar daligt utredda och
huvudsyftet med foreliggande avhandling har varit att utreda vilka effekter
vedaska har pa akvatiska organismer, samt i ett storre perspektiv undersoka
effekter av askaterforing i ett avrinningsomrade med tillhdrande back i mellersta
norrland.

Effekter av olika doser av vedasklosning (0.1-25 g/l) undersoktes under
laborativa former pa tre vattenlevande organismer; den encelliga flagellaten
Euglena gracilis Klebs, sotvattensméarlan Gammarus pulex L. och nackmossan
Fontinalis antipyretica Hedw. Gemensamt for dessa tre arter var forsamringar av
fysiologiska parametrar (tillvéxt, syrgasproduktion, respiration, rorelsehastighet)
vid koncentrationer av vedaska 6verstigande 5 g/l nar inte pH-vardet justerades till
neutralt. En Okad rorlighet och rorelsehastighet hos E. gracilis i pH-justerad
asklosning, samt en 6kad tillvéxt hos F. antipyretica, med en 6kad koncentration av
vedaska, indikerar att ndringsimnen i vedaskan ar biologiskt tillgangliga. Det
forelag inga resultat som tydde pa toxiska effekter av giftiga metaller eller andra
giftiga d&mnen efter exponering i vedaskldsning.

Faltstudien utférdes i ndrheten av Bispgarden, omkring 100 km NV om
Sundsvall. Den undersokta backen (Fanbergsbdcken) ingar i ett avrinningsomrade
om 50 ha, vilket behandlades med vedaska i september 2004 (3000 kg/ha TS;
sjdlvhdrdad krossaska). Generellt visar saval biologiska (kiselalger) som vatten-
kemiska indikatorer (pH, alkalinitet och aluminiumanalyser) att effekterna pa
forsurningsparametrar av askaterforing var relativt sma. Dock observerades ett
okat pH under varfloderna 2005 och 2006, tillsammans med en minskning av
antalet tillfdllen med laga pH-varden (< 5.6). Samtidigt uppmattes en signifikant
hogre alkalinitet under 2005 och 2006, jamfort med 2003. Hoga halter av potentiellt
giftigt aluminium uppmattes frekvent i Fanbergsbdcken och askaterféringen i
avrinningsomradet inverkade inte pa frekvensen av toxiska nivaer av amnet (>50
pg/l). Savdl prover av nackmossa F. antipyretica, som blad fran graal A. incana
uppvisade forhojda kaliumhalter. Andra mineraldmnen okade dock inte i dessa
organismer till foljd av askaterféringen. Foreliggande filtstudie kunde inte pavisa
Okade halter av potentiellt toxiska metaller i vatten eller organismer, som ett
resultat av askaterforing. Sammanfattningsvis finns det inget, vare sig i litteraturen
eller fran foreliggande avhandling, som tyder pa att vedaska skulle vara ett bra
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medel for att forbattra den ekologiska statusen i sotvattensmiljoer. A andra sidan
visade inte féltstudien i foreliggande avhandling heller pa motsatsen, det vill sdga
att vedaska skulle vara skadligt for biologin i en mindre back i det boreala
landskapet. Dock &r det fortfarande sa att vi saknar kunskap om vedaskans
inverkan pa manga av de organismer (exempelvis insekter och groddjur) som é&r
anpassade till ett liv i mindre vattenférekomster i skogslandskapet (permanenta
eller temporara). I forskningen kring askaterforing har dessa miljoer dnnu inte
uppmaérksammats och framtida studier dr av stor vikt for att undvika utarmning
av ekologiskt funktionella och viktiga vattenmiljoer.

29



