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RUNOFF CHARACTERISTICS IN FOREST PLOTS BEFORE AND 
AFTER WOOD ASH FERTILIZATION

Avelino Núñez-Delgado1 , Francisco Quiroga-Lago1, Benedicto Soto-González2

ABSTRACT

Spreading wood ash on forest and agricultural lands has been used for years to correct pH in acid 
soils and as a source of plant nutrients. However, it is necessary to enhance the knowledge of potential 
hazards derived from such a practise. Surface runoff pollution is one of these possible hazards. In this 
work we studied the quality of runoff water collected in two sloped forest plots before and after wood 
ash spreading, with the aim of checking potential undesirable effects of ash use. We have not found 
environmental pollution problems in runoff derived from the ash application zones. These results 
encourage further research and use of wood ash as an amendment in acid sloped forest soils.

Keywords: Wood ash, experimental plots, runoff, water quality

INTRODUCTION

Tree harvesting operations contribute to the impoverishment of the soil at the time that wood is 
removed. This circumstance is still more accused in acid soils, where low pH affects on the properties 
of soils and consequently on the plant nutrient uptake. Therefore, it would be of value having an un-
expensive waste material that could correct the pH of acid soils and that at the same time would increase 
plant nutrient levels.

Felled trees are generally transported to the wood and paper mill transformation industries where 
the non-utilisable parts (bark, leaves, fruits) may be used as a source of energy by burning it in boilers 
conceived for this purpose, giving wood ash as a waste or by-product. Someshwar (1996) estimated a 
production of wood ash of about 1.5-3 million tons/year in the USA, originated from the combustion of 
wood and coal in forest industries. It is also estimated that more than 80% of this residue is land filled 
without another solution (Campbell 1990). In Sweden, the estimated wood ash generation is about 
200.000 tons/year, also land filled in most of the occasions (Piirainen 2001). In Galicia (NW Spain), 
most wood factories include this activity in their productive process and the ash production is estimated 
in about 40.000 tons/year (Sueiro 2010).

Wood ash is a very heterogeneous material with characteristics depending on the species and the 
type of vegetable, burning parts (bark, timber, fruits), combination with other flammable materials, 
burning and storage conditions. However, wood ashes always show high alkalinity –with pH values 
above 10 in most of the cases – (Demeyer et al. 2001, Someshwar 1996), and high levels of Ca and K, 
and occasionally Mg, in form of oxides, hydroxides and carbonates (Campbell 1990). Elements such 
as C and N can be present if combustion was not complete, or be volatilised otherwise (Someshwar 
1996, Muse and Mitchell 1995). Si and Al may appear if sand is adhered to the wood during tree falling 
operations (Someshwar 1996). Microelement concentrations are very variable, Fe being the most 
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abundant (Someshwar 1996, Ohno 1992, Ohno and Erich, 1990). According to Someshwar (1996) these 
ashes have low or very low Se, Hg, Cd and Co contents, and may have high As, Ni, Cr, Pb, B and Mn 
concentrations. Etiégni and Campbell (1991) affirm that Zn content is reduced when falling burning 
temperature, while other metallic ion concentrations can be maintained or be increased.  According to 
Someshwar (1996) wood ashes may contain polycyclic aromatic hydrocarbons (PAH), chlorobenzenes 
or chlorophenols, but with concentrations generally considered not hazardous.

Some of the described wood ash characteristics are interesting as regards soil fertility (such as high 
alkalinity or macro and micronutrients contents). For this reason, spreading of wood ash on agricultural 
and forest soils as well as in cut-away peatlands with high acidity and/or low fertility has been previously 
studied. Several experiences were made with satisfactory results (for example: Erich 1991, Etiégni et al. 
1991, Huang et al. 1992, Huotari et al. 2011). Some studies show a faster reaction of ashes than that of 
lime in the soil (Clapham and Zibilske 1992, Muse and Mitchell 1995), with higher initial pH increase 
in ash amended soils, although maintained in a shorter period of time. Wood ash spreading on forest 
soils can increase long-term production (Vance 1996, Moilanen et al. 2002). Pine and willow growth 
on organic soils in Finland increased notably after wood ash spreading compared to non-treated soil 
(Silfverberg and Hotanen 1989).

However, it is necessary to assess the pollution potential of wood ash, in runoff flowing towards 
water courses nearby the application areas. Different legal regulations related to this aspect would be 
considered before utilisation of wood ashes. The use of lime complexes are regulated by legislation in 
countries like Germany, while others regulate the using of biosolids (USEPA 1993). Regarding to the 
effects that these ashes may cause on runoff water, it would be necessary to take into account different 
state rules or guide values referring to water quality (WHO, 1998). Utilisation of wood ashes in protected 
areas would preferably be avoided.

Campbell (1990) indicates that contents of harmful elements in wood ashes are generally low, and 
specifically these ashes would have low concentrations of heavy metals (Naylor and Schmidt 1986, 
Campbell 1990, Etiegni et al. 1991, Muse and Mitchell 1995). An application rate of 10 Mg ha-1 could 
be safe as regards the USEPA recommended limits for sewage sludge. Campbell (1990) suggests that pH 
changes and K concentrations due to ash addition could be more astringent than heavy metals contents. 
However, ashes originating from painted or impregnated wood must be avoided (Zollner and Remler 
1998). A study of Büttner et al. (1995) concludes that, during a short period, a water pollution risk 
may exist at the zone amended at relatively high doses (18 Mg ha-1). However Williams et al. (1996) 
studying forest soils in the eastern coast of USA conclude that doses up to 44 Mg ha-1 did not increase 
concentrations of hazardous elements in infiltrated water, while low concentrations of heavy metals were 
retained in the soil. In another study, Moilanen et al. (2006) concluded that the heavy metals brought 
into the ecosystem by ash application are unlikely to be accumulated in any considerable amounts in 
forest berries and mushrooms.

Another aspect to take into account is the loss of nutrients due to rainfall and consequent leaching. 
Strong rainfall and high permeability of the soil, as well as low cationic exchange capacity, may lead 
to a rapid disappearance of the fertilising effects (Voundi et al. 2000). As per these authors, losses by 
percolation of Ca, Mg, K, NO

3
-, SO

4
2- and organic carbon were greater after ash spreading than after 

lime application, due to the greater solubility of Ca, Mg, K and salts in the soil-applied ashes, while 
micronutrients losses were not appreciable (Ohno 1992, Erich and Ohno 1992, Ulery et al. 1993).

The aim of the present study was to assess the risk of runoff pollution due to wood ash spreading 
on sloped forest experimental plots. A 10 Mg ha-1 dose of wood ash was applied. Runoff water samples 
were collected after storm episodes, both before and after ash spreading, and its physico-chemical 
parameters were analysed.
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MATERIAL AND METHODS
The site
The experimental plot was located in Sobrado (Baralla, Lugo, NW Spain). It was a plantation of 

Pseudotsuga menziensii two years old sited in a gently sloping area. Trees were planted in deep row 
furrows made in the soil. Planting frame was 3 x 4 m (833 tree ha-1).

Prior to the start of the studies on runoff, eight unstructured and eight core soil samples were 
taken randomly at 0-20 cm depth. The unstructured soil samples were subsequently dried, sieved and 
homogenised for being analysed, and the core samples were used to determine bulk density(as per 
Guitián and Carballas 1976; Page et al. 1982, Klute 1986, Tan 1996). Soil characteristics are showed 
in table 1.

Table 1. Physico-chemical characteristics of the soil

A surface layer of decaying branches, needles and pine cones from a previous plantation of pines 
also exists on the hill, covering the whole site to a depth of about 10 cm. Samples of these remains were 
taken, then extracted with water in a 1:20 solid: liquid relationship, shaking for 1 hour and filtering 
using Albet 145 filters, and then were analysed as per standard methods (Guitián and Carballas 1976, 
Page et al. 1982, Klute 1986, Tan 1996). Physico-chemical characteristics of the extracts from vegetable 
remains are showed in table 2.
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Table 2. Physico-chemical characteristics of the extracts from vegetable remains

The applied wood ash
The amendment added on the plots, in a dose of 10 Mg ha-1, on February 15, was a mixture of 1:1 fly 

ash and coarse ash (volumetric relationship) collected at the timber factory of Tablicia S. A. (Lugo, NW 
Spain). Ash was spread uniformly across both plots and in all sub plots. The wood ash characteristics 
are showed in table 3.

This ash shows a high alkalinity index. Calcium levels are higher than that of all other basic cations. 
Heavy metals levels are low. These results are, in general, in accordance with those obtained by Demeyer 
et al.(2001).

Table 3. Physico-chemical characteristics of the applied wood ash

The experimental plots
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Two plots were used, labelled as “plot A” and “plot B”. Both plots were 25 m long –on the direction 
of the slope – and 6 m wide. With the aim of investigating the influence on runoff characteristics of 
the existing row furrows and plains, each plot was divided in 5 sub-zones: 2 deep row furrows –where 
trees were planted – and 3 plain zones, one of them –the central one – being wider (see Figure 1). 
Galvanised iron plates were installed all along the limits of the plots. At the bottom limit of each plot a 
runoff collecting system, expressly designed for this study, was installed. A runoff storing device was 
also installed. A more detailed description of the system can be seen in Quiroga et al. (2002).

Figure 1. Plot layout and runoff collecting system. Distances in m

Runoff sampling was as follows: 
At the beginning of the study, all the runoff water of the whole plot A was collected in only one sample; 

later, on February 15, just before ash spreading, and in order to avoid overflowing in the storing cans, plot 
A was divided in 2 sampling zones (Ax and Ay). Ax sampling zone included the left lateral plain strip as 
well as the left row furrow, while Ay sampling zone comprised the remain of plot A. Sampling in plot 
B was divided in 5 different zones, corresponding to the left lateral plain strip (B1), the left row furrow 
(B2), the central plain strip (B3), the right row furrow (B4) and the right lateral plain strip (B5).

Four runoff events were sampled during two months before wood ash spreading, providing results on 
runoff water characteristics that could be seen as a previous control. After ash spreading, seven runoff 
events were sampled during four months. The amount of rainfall was also measured. Rainfall amount was 
clearly higher than monthly long term average in January (247 vs. 128 mm) and March (398 vs. 193 mm), 
while it was between 5 and 10% lesser than the long term average during the remainder months.

Water sampling and analysis
Water samples stored at the storage tanks were taken in polyethylene bottles, when runoff events 

took place. One runoff sample for the whole plot A and five subsamples for plot B (one for each subplot: 
B1, B2, B3, B4 and B5) were taken in each event prior to the division of the sampling of plot A in two 
parts. After that division, two samples for plot A (Ax and Ay) and five for plot B (B1 to B5) were taken. 
Storage tanks in plot B were weighed at the field using a digital scale in order to determine runoff 
volumes. Tanks were emptied and cleaned after each sampling.
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Runoff samples were analysed for pH, electrical conductivity (EC), chemical oxygen demand (COD), 
Ca, Mg, Na, K, Fe, Zn and Ni (as per APHA, 1998).

Tables 4 and 5 show rainfall and runoff amounts (mm) for each runoff event in both plots.

Table 4. Rainfall and runoff in plot A

Table 5 Rainfall and runoff in plot B

Madera3.indd   272 13/12/11   11:55:36



Maderas. Ciencia y tecnología 13(3): 267-284, 2011

273

Runoff characteristics in forest ...: Núñez-Delgado et al.

RESULTS AND DISCUSSION

Physico-chemical parameters
pH value
Figure 2 shows the time course evolution of this parameter in each of both plots. Substantial 

differences among runoff samples collected before and after ash spreading were observed in plot A. 
Before ash spreading, stable values between 4.41 and 5.07 were registered. At the first sampling date 
after ash spreading, an appreciable rise in pH was produced. This rise was of 1.36 and 1.52 pH unities 
for Ax and Ay sub-zones respectively. Then, a gradual pH decrease was observed to 5.18 and 5.04 for 
sub-zones Ax and Ay respectively. A new rise was observed at the last two sampling dates, with values 
increasing about 0.6 pH units.

Figure 2: Time course evolution of pH in runoff samples collected in both plots. A: the whole plot 
A. Ax and Ay: sub-zones in plot A. B1 to B5: sub-zones in plot B

Similar dynamics were observed in plot B. A greater oscillation in pH values was produced prior 
to ash spreading (from 4.22 to 5.35). The rise after ash application was not so marked here, slightly 
perceived at the first sampling date after ash spreading (non-perceptible increases in sub-zones B3 and 
B5 and increases of 0.68 units in the sub-zone B1) and in a clear manner at the second sampling date in 
plot B after ash spreading, with values between 0.78 and 1.17 units higher than those observed before 
wood ash amendment. A decrease was also observed until March 23, rising 0.6 units at the posterior 
sampling date, except in sub-zone B5 where pH was rather constant. At the last sampling date, a decrease 
of about 0.2-0.3 units was produced in the zones affected by the previous pH rise.
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No significant correlations between runoff volumes and pH were found for both plots.
Possibly, the pH values in plot B took more time to increase due to the lesser runoff volumes generated 

in this plot, thus causing a delay in the arrival of basic cations to the runoff water collecting zone of the 
plot B. Another explanation could be that the lower runoff volumes generated in plot B are associated 
to greater infiltration ratios, with increased leaching of substances into the soil, even suffering retention 
in the exchange complex (Kahl et al. 1996).

Electrical conductivity
Results corresponding to this parameter appear in figure 3.Oscillating values between 20 and 30 μS 

cm-1 were observed in plot A prior to the ash spreading. EC was between 25 and 40 μS cm-1 after ash 
addition, with the highest values at the two last sampling dates. This could be due to a progressive drag 
of soluble salts at different episodes, from the upper zones of the plot and all along it, to reach the runoff 
collecting zones, as previously described (Núñez et al. 2001).

Values between 10 and 40 μS cm-1 appear in the plot B just after the ash amendment, maintained 
until the last two sampling dates, and presenting a maximum of 54.7 μS cm-1 in this plot.

Similar tracing was observed for EC and pH (especially in the rises after ash spreading), due to some 
of the soluble salts affecting the degree of alkalinity of the runoff water.

As in the case of pH, no significant correlation was found between runoff volume and EC.

Figure 3. Time course evolution of the electrical conductivity (μS cm-1) in runoff samples 
collected in both plots. A: the whole plot A. Ax and Ay: sub-zones in plot A. 

B1 to B5: sub-zones in plot B
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Chemical Oxygen Demand
The values of COD appear in figure 4. Before ash spreading, COD values oscillated between 34.7 

mg O
2
 l-1 and 116.6 mg O

2
 l-1 in plot A, and between 29.9 mg O

2
 l-1 and 135.5 mg O

2
 l-1 in plot B. These 

values are highly dependent on the contribution of the vegetable remains over the soil, since the COD 
level of a water extract of these remains was of 6881 mg O

2
 l-1 (Table 2).

Slightly higher COD values were observed at the first two sampling dates after wood ash spreading, 
with levels reaching up to 214.9 mg O

2
 l-1, and always higher than 100 mg O

2
 l-1(except one sample for 

each plot). After this initial rise, presumably related to wood ash spreading, a variable behaviour was 
observed, with levels between 11 and 59.5 mg O

2
 l-1 for plot A and between 14.4 and 112.8 mg O

2
 l-1 

for plot B. Increased COD values may be associated with solubilisation of organic matter due to the 
alkaline pH of the wood ash (Soto and Díaz-Fierros 1993).

Figure 4. Time course evolution of the chemical oxygen demand (mg O2 l-1) in runoff samples 
collected in both plots. A: the whole plot A. Ax and Ay: sub-zones in

 plot A. B1 to B5: sub-zones in plot B

Calcium
Figure 5 shows that, before ash spreading, Ca concentrations were between 0.5 and 1 mg l-1in runoff 

samples from plot A. Ca levels of 2.93 and 2.42 mg l-1 were found in the sub-zones Ax and Ay respectively 
just after ash spreading, with a subsequent decrease until March 4, when concentrations of 1.66 and 2.13 
mg l-1 were detected at the same sampling points. On March 7, peaks of 9.04 and 2.79 mg Ca l-1 were 
produced (with runoff volumes of 18.16 and more than 856.75 l respectively, which do not situate the 
runoff volume as a determining factor in the appearance of these peaks), and immediately maintained 
at a rather constant level, between 1 and 1.5 mg l-1 until the end of the study.
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Figure 5. Time course evolution of Ca (mg l-1) in runoff samples collected in both plots. A: the 
whole plot A. Ax and Ay: sub-zones in plot A. B1 to B5: sub-zones in plot B

In plot B, Ca levels before ash spreading ranged from 0.6 to 1.34 mg l-1. In sub-zone B1 the increase 
of calcium levels at the first sampling date after ash spreading was scarcely noted (rise of 0.16 mg l-1). 
The next value was of 1.06 mg l-1 – and it was maintained for one more sampling date. Ca levels then 
decreased to about 0.4 mg l-1, presenting a final peak of 1.33 mg l-1. A final rise was more marked in 
the others sub-zones (increasing between 0.68 and 1.8 mg Ca l-1), showing concentrations close to 2.5 
mg l-1. After that, values decreased to about 1-1.5 mg l-1 in B2 (with a peak of 12.31 mg l-1 in March 9). 
Similar patterns were observed for B3 and B5. No clear evolution was observed in B4.

The reported increases in the levels of calcium are clearly attributable to the concentrations of this 
element present in the applied ash. Due to these increases, a repercussion in runoff pH values may be 
expected.

Magnesium
Figure 6 shows that, in plot A, Mg concentration in water runoff before the addition of the amendment 

was stabilised in values between 0.25 and 0.5 mg l-1. 

After ash spreading the values rose to 0.7 mg l -1 and subsequently the concentration of Mg decreased 
gradually, with levels of 0.4 and 0.49 mg l-1 detected at the last sampling date in the sub-zones Ax and 
Ay respectively.
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In plot B, Mg concentration before ash spreading was between 0.1 and 0.47 mg l-1. After the 
ash amendment, the variations in the content of this element in sub-zones B1 and B2 were scarcely 
appreciated, except at the last sampling dates. Increases of 0.3 and 0.5 mg l-1 respectively were observed 
in sub-zones B3 and B5 at the first sampling date after ash spreading, with a subsequent stabilisation in 
lower values until the last two sampling dates, when a new increase was observed. As well as in the case 
of calcium, similarities between the evolution of Mg and pH were verified, especially with reference 
to the increases of both values after the addition of ash. No significant correlation was found between 
runoff volumes and Mg concentrations.

Figure 6. Time course evolution of Mg (mg l-1) in runoff samples collected in both plots. A: the 
whole plot A. Ax and Ay: sub-zones in plot A. B1 to B5: sub-zones in plot B

Sodium
The concentrations of sodium in plot A were stable between 1-1.5 mg l-1 before ash spreading 

(Figure 7). A rise of 0.4 mg l-1 in samples from the two sub-zones of the plot A was observed after ash 
spreading.

Plot B shows the following dynamics: the presence of sodium was between 1 and 1.5 mg l-1 before 
the ash treatment, appearing a peak immediately after ash spreading (with rises of between 0.27 and 1.37 
mg l-1) and finally values return to the initial levels. A new rise is produced after March 23, reaching the 
maximum sodium concentration on May 30 in sub-zone B2 (3.06 mg l-1). The evolution of sodium is 
similar to that of the electrical conductivity (see also Figure 3), showing the importance of sodium salts 
on the EC values. As in previous cases, no significant correlations were found between runoff volumes 
and Na concentrations.
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Figure 7. Time course evolution of Na (mg l-1) in runoff samples collected in both plots. A: the 
whole plot A. Ax and Ay: sub-zones in plot A. B1 to B5: sub-zones in plot B

Potassium
Before ash spreading, K concentrations in plot A were about 1 mg l-1  (Figure 8). Rises of 0.47 and 

0.38 mg l-1 were produced in the sub-zones Ax and Ay respectively at the first sampling date after ash 
spreading. The initial levels were recuperated at the third sampling date after the amendment, but a 
peak of potassium of 2.46 mg l-1 was detected latter in sub-zone Ax. Important rises, maintained until 
the end of the experience, were produced after April 9 and 23. At these moments, runoff water had K 
concentrations of about 2 mg l-1, and finally reached values close to 3 mg l-1.
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Figure 8. Time course evolution of K (mg l-1) in runoff samples collected in both plots. A: the 
whole plot A. Ax and Ay: sub-zones in plot A. B1 to B5: sub-zones in plot B

The dynamics in the samples of plot B are similar: initial stabilisation at about 1-1.5 mg l-1 and not 
much appreciable rises after treatment, except in the sub-zone B5, passing from 0.98 to 2.43 mg l-1 (a 
peak of 4.31 mg l-1 in the sampling of March 7 is also produced in this same sub-zone). A general rise 
of potassium contents in the plot was observed after March 23. 

A certain similarity between the evolution of potassium and that corresponding to the electrical 
conductivity was also observed in this case.

Heavy metals
Heavy metals did not show hazardous values in runoff samples in most of the occasions.

Values up to 6 mg l-1 were detected in the case of zinc, but only in punctual sampling dates. 
Concentrations were usually situated under the limit of detection in most of the cases. 

 
Peaks of 4 and 8 mg l-1 were found for aluminium in plots A and B respectively in two punctual 

dates after ash spreading. Aluminium was detected in other samples after the amendment, although in 
lower concentrations.
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A punctual peak of 0.76 mg l-1 appeared for copper, but with values situated below 0.2 mg l-1  in any 
other case.

Determinations of nickel, iron, led, manganese, chromium and cadmium were also made in runoff 
samples, and detectable values were not found except in some sampling dates, when concentrations were 
situated within the limit of detection. However, these values were found both before and after wood ash 
spreading, so this fact cannot be attributed to the ash amendment.

Effects on surface water quality
Paying attention to the Spanish legislation related to potable water (R.D. 1138/1990), the analysed 

runoff waters could enter public streams or infiltrate and reach subterranean aquifers. 

Further, it must be taken into account that the runoff water here analysed probably will be diluted in 
the case of reaching a stream or an aquifer. Therefore, the concentrations could decrease.

It must also be noted that the admitted contents for the different parameters in water for human 
consumption are very low. For this reason those parameters surpassing these levels were compared to 
the “Order of May the 11th of 1998 of Ministry of Public Works and Urbanism on basic characteristics 
of quality that must be maintained in surface water streams when destined to potable water” (MOPU 
1988),  which is a lesser exigent norm.

The measured ranges for these parameters in the analysed runoff waters, before and after the spreading 
of 10 Mg ha-1 of wood ash, are specified in table 6. The reference levels established by the Spanish 
legislation also appear in the table.

Table 6. Maximum values of some parameters measured in runoff, before and after ash spreading, 
and those prescribed by the Spanish legislation for potable water 

destined to public consumption (R. D. 1138/1990)

The pH values were in all samples below the recommended threshold limits for potable water, even 
after ash addition. 

The electrical conductivity was always under the guide levels for potable water.
The presence of suspended solids can be mainly attributed to the circulation of runoff water through 

the vegetable remains covering the soil surface, even observing higher suspended solids levels in those 
episodes that generate smaller runoff volumes.
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Increases in the concentration of basic cations (Ca, Mg, Na and K) in runoff water were observed 
after the ash spreading. Only the concentration of potassium reached a level as high as half of the 
concentration permitted by the legislation relative to potable water. The concentrations of the other three 
basic cations were clearly smaller. 

It seems that the ash spreading is involved in the appearance of aluminium in runoff water, because 
it was not detected previously.

The concentration of Zn surpassed in all samples the value marked by the legislation related to water 
destined to human consumption, but this was both before and after ash spreading. The Spanish limit for 
water susceptible of being subjected to intense and complete treatment for production of potable water 
(5 mg l-1, MOPU 1988) is only surpassed in one sample after ash amendment.

Concentrations above those established by the Spanish legislation were found in some samples in 
the cases of iron, led and nickel, but in most of the cases the concentrations were lower.

CONCLUSIONS

After the spreading of a dose of 10 Mg ha-1 of wood ash on an acid forest soil, in two sloped 
experimental plots, we have not detected an important direct ash drag effect, even in episodes with high 
rainfall (clearly higher than the long term average in the zone) and runoff. The solubilisation by water 
is responsible of mobilisation for most elements and compounds.

There were not great differences on pollutant substances content in water and nutrient losses by 
runoff in the plots, before and after ash spreading. There were not serious environmental risks, even 
on high rainfall and runoff events, neither for excess of mobilisation of nutrients nor for soluble salts, 
COD or heavy metals in runoff waters.

We have not detected a significant relationship between concentrations of the analysed chemical 
parameters and the runoff volumes, but it seems to exist a progressive drag of substances that affect certain 
parameters (such as pH, EC, some of the basic cations and aluminium), as a function of accumulated 
runoff volumes and in different runoff episodes, from the upper zones of the plots and all along them. This 
fact provokes detectable rises in concentrations only after certain time passes from ash spreading.

More research is needed, but wood ash seems to be an amendment that could be useful for contributing 
to correcting soil pH and to increase soil fertility in acid sloped forest areas, there being with minor 
environmental risks to runoff water quality.
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