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The fertiliser effect of adding wood ash or crushed rock to a low-fertility soil, compared with an unamended control, 
was assessed in a pot experiment with a perennial ryegrass-red clover mixture. Dinitrogen (N2) fixation by the clover 
and translocation of fixed N to the grass were determined using 15N natural abundance. The wood ash produced the 
highest accumulated clover biomass over two cuts, followed by the crushed rock. Chemical analyses suggested that 
the increase was due to K supply by the amendments. The wood ash also led to larger amounts of fixed N compared 
with the control. However, N2 fixation was not increased as much as biomass amount, leading to dilution of plant N. 
There were minor or no treatment effects on mineralisation from soil N pools. This indicates that good-quality wood 
ash can be successfully used as a multi-element soil amendment to enhance clover growth on low-fertility soils.
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Introduction
The circular economy concept builds on renewable energy and reuse and upgrading of natural resources. This 
includes recycling of plant nutrients contained in industrial by-products and wastes, to replace or complement 
mineral fertilisers. Such nutrient sources should provide suitable concentrations of plant-available nutrients and 
minimise application of deleterious elements or compounds to soils. Large amounts of wood ash are produced 
in the bioenergy industry and recycling of this nutrient-rich by-product to agricultural or forest land can poten-
tially contribute to a more circular economy. Wood ash not only contains high concentrations of nutrients (and 
potential pollutants), but is also a liming agent. In a review of the literature, Demeyer at al. (2001) concluded that  
application of wood ash may increase yields of a range of crops, often associated with increased availability of  
calcium (Ca), potassium (K), magnesium (Mg) and phosphorus (P). More recently, Haraldsen et al. (2011) found 
that combining meat bone meal with bottom wood ash increased growth of barley compared with meat bone meal 
alone. In contrast, wheat growth was not increased. Brod et al. (2012) also found no significant effect of wood ash 
application on crop growth, although there was an increase in readily available K and in some cases P in the soil. 
They concluded that the effects of the ash application were probably masked by nutrient delivery from the soil, 
but that wood ash may have positive P and K effects on crops on nutrient-poor soils.

Crushed rock is a by-product from quarries, and is sometimes sold and promoted as a soil amendment. Report-
ed effects on crop yield range from a decrease due to dilution of plant-available nutrient concentrations in fer-
tile soils (Ramezanian et al. 2013) to an increase (Kahnt et al. 1986, Bakken et al. 2000, Manning 2010). Positive  
results have been found for e.g. strongly weathered soils in the tropics and subtropics characterised by low cation 
exchange capacity (CEC) and thus low nutrient retention capacity (Manning 2010). These soils also are defined by 
low nutrient concentrations and poor weatherability, leading to low intrinsic nutrient supply to crops, and hence 
provide better scope for positive effects of application of crushed rock compared with many young arable soils 
in the northern hemisphere. However, nutrient-poor soils occur also in the northern hemisphere, e.g. as coarse-
textured glacial tills and sandy sediments of predominantly felsic origin. These are generally poor in a range of 
nutrients and adding crushed mafic rock can potentially supply a range of macro- and micro-nutrients (Manning 
2010) and thus may be a suitable amendment for this type of soil.  

Because wood ash and crushed rock are practically devoid of nitrogen (N), application of these to crops is gener-
ally combined with addition of organic or inorganic N sources. Legume crops, through their Rhizobium symbionts, 
have the ability to fix N2 from the atmosphere, thus limiting the need for N application. However, the amounts 
of N fixed by the symbionts may be limited if the availability of plant nutrients is low, both directly by deficien-
cy of nutrients involved in the fixation process and also indirectly because of nutrient deficiency restricting host 
plant growth, and thus N demand from the host (e.g. Giller 2001). Wood ash and crushed rock may therefore be  
particularly suited as amendments in legume cropping.  
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Dahlin et al. (2015) found that the clover component of a perennial ryegrass (Lolium perenne L.)–red-clover  
(Trifolium pratense L.)- mixture increased upon amendment with wood ash and crushed pyroxene-andesite rock. 
Earlier findings by Ferreiro et al. (2011) also suggest that the white clover (Trifolium repens L.) proportion in leys 
increases upon soil amendment with wood ash. However, although increased N2 fixation is a likely (partial) cause 
for the increased legume growth, the effects of amendment on N2 fixation were not examined in those studies.  

This study investigated whether application of wood ash or crushed pyroxene-andesite can increase N2 fixation 
by red clover grown in a mixture with perennial ryegrass on an inherently acid and nutrient-poor soil, and sought 
to identify the causes of any effects observed. The study soil was used as a representative of soils derived from 
highly siliceous parent material, which are common grassland soils in northern Europe.

Materials and methods

A fully randomised pot experiment (4 replicates) testing amendment with by-products (Dahlin et al. 2015) was 
revisited. This was established in 2009 and sampled in the following growing season. A mixture of red clover  
(Trifolium pratense L., cv. Nancy) and perennial ryegrass (Lolium perenne L., cv. Helmer) was used as a proxy for 
the mixed grass-clover leys in common use. Samples from treatments with bottom ash, derived from combustion 
of forest fuel of mixed deciduous wood, or a commercially available crushed pyroxene-andesite rock and a non-
amended control were selected in the present study for estimation of effects on N2 fixation. 

Topsoil was taken from a site (Hollsby, 59°48′N, 13°31′E) with postglacial silt loam (4% clay, 69% silt, 27% sand, 
2.2% organic C, pHCaCl2 4.8, base saturation 40%) originating from mainly granitic and sandstone bedrock and 
hosting semi-natural grassland vegetation used for grazing. Its mineralogy is dominated by quartz (53%), plagio-
clase (19%) and K-feldspar (17%), with smaller contributions of amphibole (2%), dioctahedral (4%) and trioctahe-
dral (3%) phyllosilicates and iron oxides (1%). The cation exchange capacity of the sampled topsoil was 9 cmolc 
kg-1 and concentrations of most nutrients were low (Table 1). The soil was sieved through 8×18 mm mesh and  
homogenised before use.

Portions of 6 kg dry weight (DW) were weighed into pots (220 mm inner Ø, 250 mm depth) and the amendment 
was added. Wood ash was applied at a rate corresponding to 0.14 kg m-2, conforming with the maximum allow-
able 7-year application rate for trace elements set by the Swedish Environmental Protection Agency (1994). The 
ash application rate was limited by the nickel (Ni) concentration (Table 2). However, the application rate for the 
crushed rock surpassed these limits, on the assumption that element availability was low, with application following 
the supplier’s recommendation (5.0 kg m-2).

Once amendments had been added, all soil samples (including the unamended controls) were homogenised and 
the mixture of red clover and perennial ryegrass was sown on 27 July 2009. The seedlings were thinned to 10 
plants of each species per pot around 2 weeks after emergence. Pots were also sown with pure ryegrass to serve 
as reference plants for estimation of N2 fixation. The pots were kept in a fenced outdoor area and irrigated with 
deionised water to complement precipitation during the growing season, while occasional drainage was collected 
in saucers underneath the pots and recycled to the pot as part of the next irrigation. Pots were over-wintered at 
0 °C and returned to the outdoor area in April. They were harvested in two cuts, on 15 June and 20 July, when 
the clover was at budding to early flowering stage (BBCH 50–60) and the grass was at earing stage (BBCH 51–59). 
Plants were cut at 5 cm above the soil surface to avoid contamination with soil. Shoot material was force-dried 

aAmmonium lactate/acetic acid solution (SSI 1993); bBelow reported limit (0.004 mg kg-1 soil)

Table 1. Original total and extractable (ALa or EDTA) concentrations of nutrients in the soil 
used for the pot experiment

Nutrient Total
g kg-1

AL
mg kg-1 Nutrient Total

mg kg-1
EDTA

mg kg-1

N 1.9 na Co 2.6 0.07

P 0.78 13 Cu 6.9 2.3

K 25 23 Mn 531 35

Ca 10 490 Mo 0.40 b.r.b

Mg 3.0 12 Zn 46 4.6

S 0.33 n.a.
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at 50 °C in perforated plastic bags, weighed, milled in a Grindomix GM 200 cutting mill with a titanium knife and 
dry matter content was determined on subsamples after drying at 105 °C. Care was taken at all stages to prevent 
sample contamination (Dahlin et al. 2012).

Soil samples, wood ash and crushed rock were: (a) digested in concentrated HNO3, HCl and HF, and cadmium (Cd), 
cobalt (Co), copper (Cu), mercury (Hg), molybdenum (Mo), nickel (Ni), sulphur (S) and zinc (Zn) were measured 
using ICP-SFMS. They were also (b) fused with lithium metaborate and dissolved in HNO3, and aluminium (Al), 
Ca, K, Mg, manganese (Mn) and P were measured by ICP-AES. The plant material was digested in concentrated 
ultrapure HNO3 and HF, followed by filtering, and all elements were measured using ICP-SFMS. Soil electrical con-
ductivity (EC; used as an indicator of general nutrient level of the soil) was measured in a solution of deionised 
water and then CaCl2 was added (0.01M) and pH determined (Sumner 1994). EDTA-extractable P, K, Ca, Mg, S, Co, 
Cu, Mn, Mo and Zn were analysed after extraction according to Streck and Richter (1997), with the modification 
that Na-EDTA was used, and the extracts were analysed by ICP-MS ELAN 6100 DRC (Perkin Elmer SCIEX, Waltham, 
MA, USA). Total N and carbon (C) concentrations in plant and soil samples were analysed by high-temperature  
induction furnace combustion using a LECO CN2000 analyser (LECO Corporation, St Joseph, MI, USA) and 15N abun-
dance of plant samples was determined at UC Davis Stable Isotope Facility (California, USA).

For site characterisation, soil was also extracted with ammonium lactate/acetic acid (AL) solution and analysed for 
P, K, Ca and Mg (SSI 1993). Cation exchange capacity (CEC) and base saturation (BS) were determined according 
to Parker (1929) and Thomas (1982). Soil particle size distribution was determined according to ISO 11277:1998 
(ISO 1998). The mineralogical composition of <2 mm soil was determined by XRD on spray-dried random powder 
samples (Hillier 1999), with analysis performed using a full pattern fitting method (Omotoso et al. 2006).

Certified reference material (NIST Wheat Flour, National Institute of Standards and Technology, Gaitersburg, MD, 
USA) was included in all batches for plant material analysis and Al concentration in the plant matter was taken as 
an indicator of soil contamination. For soil analyses, an in-house standard was included in each batch.

a Below the reported limit (0.02 and 0.01 mg kg-1 for crushed rock and wood ash, respectively); bCould not be calculated

Table 2. Characteristics of the crushed rock (CR) and wood ash (WA), and product and nutrient application rates used 
in the experiment. The particle size distribution of the crushed rock was <2 μm 2%; 2–6 μm 2%; 6–20 μm 5%; 20–
60 μm 7%; 60–200 μm 10%; 200–600 μm 14%; 600–2000 μm 30%; >2000 μm 30%. Its mineralogy was dominated 
by plagioclase (60%), followed by clay minerals (sum 15%), K-feldspar (7.5%), quartz (6.7%) and pyroxene (6.6%) 
(Ramezanian et al. 2013). 

Amendment characteristics Application rates

Unit CR WA Unit CR WA

Amount of product na na kg m-2 5.0 0.14

Liming effect % CaO 1.9 51.3 na na

C % 0.005 1.1 g m-2 – 1.5

N g kg-1 1.0 0.1 g m-2 – 0.008

P g kg-1 1.2 21 g m-2 6.0 3.1

K g kg-1 2.6 69 g m-2 12.8 10.0

Ca g kg-1 13 324 g m-2 65.8 46.9

Mg g kg-1 17 40 g m-2 84.1 5.79

S g kg-1 0.09 0.82 g m-2 0.46 0.12

Cd mg kg-1 0.04 0.27 mg m-2 0.19 0.04

Co mg kg-1 12 21 mg m-2 59 3.0

Cu mg kg-1 7.3 118 mg m-2 36 17

Hg mg kg-1 b.r.a b.r.a mg m-2 –b –b

Mn mg kg-1 375 7810 mg m-2 1850 1130

Mo mg kg-1 0.20 <6 mg m-2 1.0 0.4

Ni mg kg-1 9.7 121 mg m-2 48.2 17.5

Zn mg kg-1 46 182 mg m-2 228 26
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Dinitrogen fixation was estimated by the 15N natural abundance method (Shearer and Kohl 1986):

where %Ndfa is the percentage N derived from air (i.e. fixed by the symbiont), δ15N is the natural abundance of 
15N in the reference crop or legume, and B is the natural abundance of 15N in shoots of legumes that are fully  
dependent upon N2 fixation. Grass in pure stands was used as the reference crop and the lowest determined δ15N 
value was used as the B value (Hansen and Vinther 2001). 

Translocation of clover N to the grass was estimated according to Snoeck et al. (2000) using ryegrass in pure stand 
as the reference crop: 

Amount of fixed N translocated to the grass was estimated from the amount of translocated clover N and the  
percentage of N derived from air (%Ndfa) in clover of the same cut.  

Data were analysed by variance analysis using JMP Pro 11.2.0 (SAS Institute Inc., Cary, NC, USA). If needed, data 
were transformed to the natural logarithm or square root to achieve normal distribution of residuals. When  
significant differences (p≤0.05) were observed, means were compared by Student´s t-test. Multiple linear regres-
sions followed by pairwise correlations were performed using the Holm (1979) method to control the family-wise 
error of the multiple regressions; plant biomass accumulation was tested versus soil pH and EC and plant concen-
trations of all measured elements (plant nutrients and Cd); amount of fixed N was tested versus the same variable 
and also plant biomass DW. All differences described in the text are significant at p≤0.05.

Results
Soil characteristics

Soil pH and EC were significantly higher in the wood ash treatment than in the control (Table 3). The EDTA- 
extractable concentrations of K, Ca and Mg in the soil were increased by addition of wood ash and the Mg con-
centration by addition of crushed rock. Extractable concentrations of other elements were not significantly  
affected by the amendments, however.

Table 3. Soil pH in 0.01M CaCl2, electrical conductivity (EC) and EDTA-extractable element concentrations 14 months after amendment 
with crushed rock or wood ash and in the non-amended control. Data is given as Least-Squares Means ± SEM.

Unit Control Crushed rock Wood ash p value

pH 5.0±0.0b 5.0±0.0b 5.3±0.0a 0.0002

EC μS cm-1 93±6b 104±4ab 118±3a 0.0084

P g kg-1 0.026±0.001 0.027±0.002 0.027±0.001 ns

K g kg-1 0.020±0.001b 0.021±0.001b 0.034±0.002a <0.0001

Ca g kg-1 0.99±0.03b 1.00±0.01b 1.21±0.02a 0.0001

Mg g kg-1 0.016±0.001c 0.022±0.003b 0.029±0.001a <0.0001

Cd mg kg-1 0.093±0.003 0.091±0.002 0.093±0.001 ns

Co mg kg-1 0.15±0.01 0.13±0.01 0.11±0.01 ns

Cu mg kg-1 1.4±0.1 1.4±0.1 1.6±0.1 ns

Mn mg kg-1 26±1 21±2 22±2 ns

Mo mg kg-1 0.025±0.007 0.021±0.003 0.019±0.002 ns

Ni mg kg-1 0.89±0.07 1.1±0.13 1.0±0.16 ns

Zn mg kg-1 3.6±0.2 3.4±0.1 4.0±0.5 ns

%Ndfa = (δ15Nreference crop – δ15Nlegume) ÷ (δ15Nreference crop – B) × 100

%Ntranslocated = (δ15Ngrass in pure stand – δ15Ngrass in mixed stand) ÷ (δ15Ngrass in pure stand – B) × 100

Different letters (a-c) indicate significant differences between treatments (p≤0.05; n=4)
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Plant growth

Addition of both ash and crushed rock increased clover biomass over the growing season (Fig. 1), as a result of 
more rapid plant establishment and initial growth compared with the unamended control. Clover dry weight at 
the first cut was significantly highest on the ash-amended soil (Fig. 1). All treatments differed significantly at the 
second cut (Fig. 1) and summed across the two cuts (not shown); the highest clover dry weight was found on the 
ash-amended soil, followed by the crushed rock-amended soil. The ryegrass, on the other hand, established quickly 
in all treatments, but its biomass decreased strongly from the first to the second cut (Fig. 1). Ash- and crushed 
rock-amended ryegrass accumulated more biomass than the control in the first cut, but there were no significant 
differences in the second cut or for both cuts added together (not shown). 

The proportion of clover in the crop mixture increased from an average of 45% in the first cut to 90% in the sec-
ond cut (Fig. 1). The clover proportion was consistently higher on the ash-amended soil, and also on the crushed 
rock-amended soil in the second cut, than in the control.

Plant N concentrations and N fixation
The total N concentration in the clover was higher in the control treatment than in the crushed rock and ash treat-
ments (Fig. 2). Due to its larger biomass, the ash-amended clover nevertheless accumulated more total N than 
the control at the first cut, while the crushed rock-amended clover was not significantly different from the other 
treatments (Fig. 3). The grass accumulated considerably less total N than the clover (Fig. 3). The grass in the control 
accumulated more total N than the grass on the amended soils in the second cut (0.51 g m-2 compared with 0.23 g 
m-2 in the control and amended soils; p=0.0003), an effect associated with its higher total N concentration (Fig. 2). 

The percentage of clover N derived from air (i.e. by N2 fixation) averaged 75% at the first cut and increased to 
around 83% at the second cut, with no significant differences between treatments (data not shown). The amount 
of N derived from air by clover in the first cut was thus significantly higher in the ash-amended clover than in the 
control, while the crushed rock-amended clover was not significantly different from the other treatments (Fig. 
3). The second cut showed the same trend, but differences were non-significant. Nitrogen derived from air by 
the clover and translocated to the grass contributed on average 2, 16 and 17% of N in grass on the unamended 
control, ash-amended and crushed rock-amended soil, respectively, with no significant differences between cuts 
(data not shown). Summed across the two cuts, the amount of fixed N present in clover and grass was higher on 
the ash-amended soil than in the control, whereas that on the crushed rock-amended soil was not significantly 
different from the other treatments (Fig. 3).      
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Fig. 1. Red clover, perennial ryegrass and total biomass (primary y axis), and percentage of clover in the mixture 
(secondary y axis). Data are given as Least-Squares Means, error bars indicate SEM, and different letters (a-
c) indicate significant differences between treatments for crop species, crop mixture or clover percentage at 
each cut (p≤0.05; n=4).
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The amount of soil N used by the clover during the first growth was significantly higher in the ash-amended 
plants than in the control, while the crushed rock-amended clover was not significantly different from the other 
treatments (Fig. 3). There were no significant differences between treatments in the second cut, or in the total 
amounts across the two cuts. 

Plant element concentrations and offtakes
Application of wood ash significantly increased clover K concentration and decreased the concentrations of P, Ca, 
Mg, Cd, Co, Cu, Mn, Ni and Zn in one or both cuts compared with the control, but did not significantly affect Mo 
concentration (Table 1). Application of crushed rock also increased clover K concentration and decreased the con-
centrations of most other elements, but to a lower degree. However, clover Mo concentration was significantly 
reduced by the crushed rock at the second cut in contrast to the wood ash.

Fig. 2. Total N concentration in red clover and perennial 
ryegrass. Data are given as Least-Squares Means, error bars 
indicate SEM, and different letters (a-c) indicate significant 
differences between treatments for each crop species at 
each cut (p≤0.05; n=4).

Fig. 3. Amounts of N derived from air (Ndfa) and soil (Ndfs) in red clover and perennial 
ryegrass shoots at cuts 1 and 2 (primary y axis) and total amount accumulated in clover 
+ grass across the two cuts (secondary y axis). Data are given as Least-Squares Means, 
error bars indicate SEM and letters (a, b) indicate significant differences between 
treatment for each species at each cut, and between treatments for the accumulated 
amounts (p≤0.05; n=4).
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Grass K concentration was increased by the wood ash in the first cut, and P, Ca, Cd, Co, Cu, Mn, Ni and Zn con-
centrations were decreased compared with the control in one or both cuts (Table 2). In addition, the grass Mo 
concentration increased in the first cut, but decreased in the second. Crushed rock did not significantly affect the 
grass K concentration, but decreased concentrations of most other elements, albeit often to a smaller extent than 
the wood ash.

Combined K offtake by both plant species in the two cuts was significantly highest in the wood ash treatment,  
intermediate in the crushed rock treatment and lowest in the control (Table 4). Calcium, Mg and Mo offtakes were 
also higher in the wood ash treatment, and Mg offtake was higher in the crushed rock treatment, compared with 
the control. 

Relations of plant DW and N2 fixation with soil and plant variables
Clover biomass was strongly and positively correlated with its K concentration in both cuts (Table 5). Clover con-
centrations of most other nutrients (and Cd) were inversely correlated with clover biomass in the second cut, but 
only N, Cu and Mn showed significant correlations in the first cut. Grass biomass was generally not significantly 
correlated with its nutrient concentrations, except for an inverse correlation with P concentration in the first cut.  

Table 4. Element offtake by harvested shoots of red clover and perennial ryegrass, combined for the two 
cuts after amendment. Data is given as Least-Squares Means ± SEM.

Element Unit Control Crushed rock Wood ash p value

P g m-2 1.16±0.10 1.21±0.06 1.25±0.05 ns

K g m-2 2.95±0.25c 4.56±0.18b 8.02±0.35a <0.0001

Ca g m-2 12.5±1.2b 16.3±1.3b 21.1±1.6a 0.006

Mg g m-2 2.66±0.18b 3.67±0.25a 4.20±0.20a 0.0018

Cd mg m-2 0.010±0.001 0.009±0.001 0.006±0.001 ns

Co mg m-2 0.031±0.002 0.040±0.005 0.039±0.003 ns

Cu mg m-2 5.0±0.5 5.5±0.3 4.9±0.2 ns

Mn mg m-2 72±5 81±6 64±5 ns

Mo mg m-2 1.7±0.1b 1.5±0.1b 3.2±0.1a <0.0001

Ni mg m-2 0.50±0.04 0.62±0.06 0.69±0.07 ns

Zn mg m-2 23±2 29±2 31±4 ns

Table 5. Correlations between biomass dry weight (DW) and amounts of fixed N and soil pH, electrical conductivity (EC) and plant 
element concentrations at cut 1 and 2 for red clover and perennial ryegrass after controlling for family-wise error rate (Holm 
1979), given as correlation coefficient/p-value 

Red clover DW Perennial ryegrass DW Amount of fixed N  

Factor Cut 1 Cut 2 Cut 1 Cut 2 Cut 1 Cut 2

Clover DW – – – – 0.974/<0.0001 0.519/0.0006

N –0.754/0.0046a –0.943/<0.0001a ns ns 0.988/<0.0001 a 0.936/<0.0001 a

P ns –0.867/0.0003 –0.819/0.0011 ns ns ns

K 0.787/0.0024 0.844/0.0006 ns ns ns ns

Ca ns –0.863/0.0003 ns ns ns ns

Mg ns –0.726/0.0075 ns ns ns ns

Cd ns –0.749/0.0051 ns ns ns ns

Co ns ns ns ns ns ns

Cu –0.787/0.0024 –0.919/<0.0001 ns ns ns ns

Mn –0.746/0.0053 ns ns ns ns ns

Mo ns ns ns ns ns ns

Ni ns ns ns ns ns ns

Zn ns –0.735/0.0065 ns ns ns ns

pH ns 0.336/0.0039 ns ns ns ns

EC 0.630/0.0001 0.599/0.0002 ns ns 0.653/<0.0001 0.785/0.0025
aN in the regression was clover total N

Different letters (a, b, c) indicate significant differences between treatment for each species (p≤0.05; n=4)
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The amount of N fixed by the clover was significantly positively correlated with soil EC and with clover DW and 
total N (Table 5). However, there were no significant correlations with soil pH or individual nutrient (or Cd) con-
centrations in the clover after control of family-wise error.

Discussion

The clover and grass in the mixture grown had relatively similar biomass at the first cut, but the grass propor-
tion fell sharply in the second cut, reflecting the experimental conditions where no fertiliser N was added, as well 
as the low content of organic matter and low N-supplying capacity of the soil. The higher clover biomass on the 
ash-amended soils than in the control indicates that wood ash may help boosting clover growth on low-fertility 
soils, corroborating findings by Ferreiro et al. (2011), and may help to increase the clover proportion where the 
clover content is too low for optimum feed quality. The increased yield of common bean (Phaseolus vulgaris L.) 
on an acid tropical soil after wood ash application was attributed to both the liming effect and the application 
of relatively balanced proportions of Ca, Mg and K (Zake and Nkwiine 1982). In the present study, the effect was 
probably mainly through provision of K, indicated through a positive correlation between plant K concentration 
and dry matter accumulation in both cuts (Table 6). Meanwhile, concentrations of Ca and Mg (and several other 
nutrients) were apparently diluted by the increased biomass accumulation, as reported previously (Jarrell and  
Beverly 1982), corroborating that in the control treatment these plant concentrations were present at a margin 
above the minimum needs of the plants, as suggested by e.g. Pilbeam and Morley (2007) and Whitehead (2000). 
The increased offtake of K, Ca, Mg and Mo nevertheless suggests supply of these nutrients from the wood ash. 
This was corroborated by the increased EDTA-extractable concentrations of K, Ca and Mg, but not of Mo. In  
contrast, P was not supplied significantly by the wood ash, contradicting results reported by e.g. Brod et al. (2014), 
who found P in a bottom wood ash to be approximately as available to wheat (Triticum aestivum L.) as mineral  
fertiliser P in a sand-peat mixture of low nutrient content. Similarly, Clapham and Zibilske (1992) found a significant 
P supply from wood ash to spinach (Spinacia oleracea L.).

The crushed rock also increased clover biomass production at the second cut and supplied K and Mg, as indi-
cated by the higher EDTA-extractable concentrations of these elements and higher offtakes compared with the 
unamended control. However, the effect was smaller than that of the wood ash. An increase in clover biomass 
has also been found in a study on another nutrient-poor soil after application of crushed rock of the same origin 
(Dahlin et al. 2015), but not on more fertile soils (Campbell 2009, Ramezanian et al. 2013). Moreover, Haraldsen 
et al. (2011) did not find any increase in AL-extractable concentrations of Ca, K, Mg and P, or any yield increase or 
increased offtake of K and P by barley or wheat, when N-rich recycling products were combined with olivine. This 
suggests that a significant positive effect in northern hemisphere soils will be found mainly at high application 
rates to nutrient-poor, acid soils, although positive fertiliser effects have often been found on strongly weathered 
tropical and subtropical soils (reviewed by Manning 2010).

The N2 fixation rate observed here (~7–11 g N m-2) was of the same order of magnitude as the ~7–16 g N m-2  
observed in three cuts of field-grown mixed orchard grass (Dactylis glomerata L.)-red clover by Farnham and George 
(1993), and the ~15–25 g N m-2 found in mixed perennial ryegrass-red clover by Dahlin and Stenberg (2010a). The 
positive correlation between N2 fixation and soil EC suggests that nutrient limitation may have played a role in  
determining the amount of N fixed although no single nutrient was identified by the regressions. The data further 
suggest that this limitation was at least partially ameliorated by application of the ash. In contrast, the amount 
of fixed N was not significantly correlated with soil pH on the experimental soil. Low soil pH has frequently been 
found to limit N2 fixation (e.g. Giller 2001) but the pH range in the current experiment may have been too narrow 
to demonstrate such an effect.

The higher ryegrass biomass on the amended soils than on the control soil at the first cut and the higher propor-
tion and amounts of grass N derived from air indicate a larger supply of N fixed by the clover during the previous 
growing season. Nevertheless, the N derived from air recovered in the grass only contributed 1–7% of the fixed 
N. This and the amount of fixed N transferred to the grass (<0.3 g N m-2) were at the lower end of the range (1.7 
–3.6 g N m-2) reported by Høgh-Jensen and Schjoerring (2000), Dahlin and Stenberg (2010b) and Pirhofer-Walzl 
et al. (2012). This suggests that the strong dominance of the clover in the mixtures at the second cut restricted 
utilisation by the grass of fixed N present in the soil. 
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The initial increase in uptake of soil N by the clover on the ash-amended soil compared with the control suggests a 
moderate need for fixed N, which may have contributed to the lack of effect on the percentage of N derived from 
air despite increased total N accumulation. This confirms earlier findings that N2 fixation is to a large degree de-
termined by plant N demand (Ledgard and Steele 1992). The increased soil N uptake by the ash-amended clover 
in the first cut could possibly be due to a temporary increase in N mineralisation, as there was a tendency for higher 
total soil N use in this cut. However, the difference was non-significant and the total uptake of soil-derived N by 
the crop mixtures across the two cuts was similar in all treatments. Furthermore, a potential short-term increase 
in N mineralisation upon ash application would most likely have subsided during the harvest year, as the ash had 
been applied the previous year. Hence, more rapid clover establishment and root development are plausible  
factors behind the higher use of soil N. Release of ‘native’ soil N through increased mineralisation-immobilisation 
turnover after higher N2 fixation in the ash-amended soil in the preceding season may have contributed, but most 
likely only to a limited extent. In contrast to our results, Weber et al. (1985) found that wood ash application at 10 
t ha-1 increased N mineralisation and decreased soil N pools. However, at the current, lower application rate, the 
pH increase was moderate and apparently not sufficient to measurably increase N mineralisation. With increased 
biomass production and total N2 fixation, the overall effect of wood ash amendment at moderate rates may, on 
the contrary, be an increase in soil C and N pools under legume-rich leys.  

Conclusions

Wood ash amendment of a nutrient-poor soil increased N2 fixation and clover growth and also increased the clover 
proportion in a mixed grass-clover crop. Thus wood ash high in nutrients (but low in pollutants) can be successfully 
used as a multi-element soil amendment to enhance clover growth on low-fertility soils. However, further studies, 
including field experiments, are required to confirm these findings, and it is vital that ash quality is confirmed 
through analysis to minimise application of potentially toxic elements. The effects of crushed rock amendment 
were small or non-significant. Combined with the monetary and environmental costs of transport, this suggests 
that crushed rock of this type is unlikely to become a significant means of nutrient supply to northern hemisphere 
soils, except perhaps at sites close to the source.
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