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Here we summarize recent data on the accumulation of phosphorus in nests of wood 
ants as compared with that in the surrounding forest soil, and discuss mechanisms 
that cause this phenomenon. Moreover, we also indicate questions for future research. 
Various species of red wood ants (Formica s. str.) in a wide geographic area show 
an apparent increase of phosphorus content in their nests. Remarkably, this increase 
mainly entails the forms of phosphorus which are potentially available for plants or 
microflora, whereas the increase in total phosphorus content is less pronounced. This 
increase in available phosphorus is mainly attributable to release from food brought to 
the mound, release by decomposition of organic matter in the nest and a shift in pH of 
the nest material from acidic to neutral, which supports the stability of available forms 
of phosphorus. The effect of increased availability of phosphorus in wood-ant nests in 
the surrounding forest ecosystem is not quite clear and requires further attention.

Introduction

Phosphorus often belongs to limiting nutrients, 
particularly in coniferous forests, not only owing 
to low content, but also owing to low availabil-
ity in acidic soils (Wood et al. 1984, Prescott et 
al. 1992). Nevertheless, phosphorus content in 
nests of several ant species has been reported to 
be higher than in the surrounding soil (Dlusskij 
1967, Czerwinski et al. 1971, Petal et al. 1977, 
Frouz et al. 2003). The aim of this review is to 
summarize recent data on the role of wood ants 
in phosphorus cycling in coniferous-forest eco-
systems. We will focus on the following main 
questions: (1) How large are the differences in 

phosphorus content between ant nests and the 
surrounding soil? (2) What factors cause the 
accumulation of phosphorus in ant nests? We 
also indicate areas that we assume promising for 
future research.

Methods and data

A variety of methods have been used to study 
the accumulation of phosphorus in ant nests, but 
here we focus in particular on the description 
of methods used in papers published in other 
languages than English, as well as some unpub-
lished data presented in this paper. Most studies 
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dealing with the effect of ant nests on the content 
of nutrients compare values from various parts of 
the nest with those in the surrounding soil (Table 
1). Soil consists of several layers, which differ in 
their physical and chemical composition (Leeper 
& Uren 1993). Moreover, the soil material in ant 
nests is not homogeneous either, but consists of 
several strata (Dlusskij 1967). This raises the 
question which strata to choose for comparison. 
Here we use the term “soil” for the organic soil 
horizon (a mixture of fermentation and humus 
layers). In ant hills we distinguish between the 
central part of the nest and the soil rim. The cen-
tral part of the nest typically has a conical shape 
and is constructed from needles, small branches 
and other plant material. The surface layer usu-
ally consists of finer material, whereas the deep 
layers comprise larger pieces of plant material. 
The soil rim that typically surrounds the central 
part of the nest, is slightly elevated above the 
surface of the surrounding soil, and consists of 
mineral soil and fine organic material excavated 
in the course of burrowing chambers and corri-
dors in the underground part of the nest (Dlusskij 
1967). Unless otherwise stated, nest samples, 
both from the central part and the soil rim, as 
well as samples of surrounding soil were taken 
from surface layers (depth 0–15 cm). Because 
samples taken from the same location are not 
statistically independent we used the parametric 
paired t-test for comparing phosphorus contents 
in nest mounds and the surrounding soil. Unfor-
tunately, some older papers, (Malozemova & 
Koruma 1973, Zacharov et al. 1981) did not pro-
vide adequate statistical test results. Apart from 

the literature data we also include some of our 
unpublished results on the spatial distribution of 
available phosphorus at various distances from 
the nest (Fig. 1a). The location was a spruce 
forest on cambisoil near the town of Tabor 
(Czech Republic). Samples were taken with the 
soil corer in a net of sampling points (Fig. 1a) on 
a transect through a nest of Formica polyctena. 
Samples were dried, homogenized and sieved 
through a 2-mm screen and the available phos-
phorus was extracted from a fraction > 2 mm 
using the exchange resin method (Macháček 
1986). The phosphorus content in extracts was 
measured as described in Watanabe and Olsen 
(1965).

Unless otherwise indicated, the term avail-
able phosphorus refers to the chemical forms of 
phosphorus that are believed to be potentially 
available for most of plants and soil microflora. 
However, the factors affecting the actual use 
of phosphorus by plants may interact in many 
complex ways so that apart from the amount of 
available forms of phosphorus also other factors 
such as plant species and environmental condi-
tions may affect the usage of phosphorus (Brady 
& Weil 1999).

To find out whether the additional supply of 
available phosphorus supports plant growth, we 
tested the growth rate of seedlings of Picea abies 
under different regimes of phosphorus supply 
in the laboratory (Table 2). The seedlings were 
grown in soil taken from a soil rim of Formica 
polytena and from the surrounding soil 1 and 
3 m from the soil rim. Soil samples were taken 
in April 1992 in a spruce forest on cambisoil 

Table 1. The content of total and available phosphorus (mg kg–1) in nests of three Formica species, and the top 
layer of the surrounding forest soil. An asterisk (*) indicates that the phosphorus content is significantly higher in the 
nest (pairwise t-test: p < 0.05).

Species Locality n Total P (mg kg–1) Available P (mg kg–1)
    
 soil nest soil nest
  
  rim central part  rim central part

F. polyctena1 Spruce forests, Czechia 18 901 ± 548 1179 ± 710* – 76 ± 149 321 ± 290* –
F. aquilonia 2 Spruce forest, Russia 5 1030 1080 ± 225* 1732 ± 409 20 61 ± 210* 368 ± 104
F. pratensis 3 North Kazachstan 1 – – – 24 39 144
F. lugubris 3 North Kazachstan 1 – – – 24 139 218
F. polyctena 3 North Kazachstan 1 – – – 24 96 174

1 Frouz & Kalčík 1996, 2 Zacharov et al. 1981, 3 Malozemova & Koruma 1973.
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near the town of Šluknov (Czech Republic). The 
substrates from individual sampling points were 
placed in 10 pots (i.e. 30 pots in total) 6 ¥ 6 cm, 
5 cm deep, and 13 seeds of P. abies were sown 
in each pot. The pots were kept in an outdoor 
plastic shelter and watered regularly for 120 
days (June–September). At the end of the experi-
ment the proportion of survivors was recorded 
and 240 randomly selected seedlings (8 from 
each pot) were harvested, divided in root, stem 
(wood) and needles. This material was first dried 
at 60 °C for 24 h, and then weighed to the near-
est 0.1 mg. The values from all eight seedlings 
obtained in each pot were then averaged and 
these mean values for individual pots were used 
in future statistic calculations. The differences in 
survival and the weight of individual parts were 
compared with one way ANOVA with an LSD 
post hoc test using SPSS 10.0 software package.

Content and availability of 
phosphorus in wood ant nests 
and its effect on plants growth

Many studies have shown that nutrient contents 
in mound material or in excavated soil around 
the nest entrance is higher that in the surround-
ing soil in a variety of ant species (Dlusskij 
1967, Czerwinski, et al. 1971, Petal et al. 1977, 
Petal 1978, Pokarzhevskij 1981, Frouz & Kalčík 
1996, Frouz et al. 2003, Wagner et al. 2004; 
Table 1). In particular, phosphorus is one of the 
elements that occur at higher content in ant nests 

as compared with that in the surrounding soil. 
Frouz and Kalčík (1996) found that the soil rim 
of F. polyctena mounds had a significantly higher 
content in total, available, and water-soluble 
phosphorus than the surrounding soil (total phos-
phorus: t = –4.44, d.f. = 17, p = 0.0004; available 
phosphorus: t = –4.63, d.f. = 17, p = 0.0002; 
water soluble phosphorus: t = –9.24, d.f. = 17, p 
< 0.0001; Table 1). The elevation in phosphorus 
content in the nest (nest – soil difference) varied 

Table 2. The survival and dry mass (average ± S.D.; S.D. refers to variability between pots) of spruce (Picea abies) 
seedlings grown for one season on substrate taken from a Formica polyctena nest soil rim, and the surrounding 
forest soil 1 and 3 m from the nest. Statistically homogeneous groups are marked by the same letter LSD test 
(p < 0.05).

Substrate Survival Dry mass (mg) of
 (%) 
  roots wood needles

Soil rim 62.3 ± 15.5 34 ± 7a 22 ± 7a 43 ± 13a
Soil 1 m from nest 53.1 ± 13.5 16 ± 4b 8 ± 6b 19 ± 4b
Soil 3 m from nest 51.5 ± 13.3 12 ± 3b 9 ± 3b 16 ± 5b
Total degree of freedom 29 29 29 29
d.f. within groups 27 27 27 27
d.f. between groups 2 2 2 2
F2,27 1.52 51.15 16.64 23.47
p 0.24 < 0.0001 < 0.0001 < 0.0001

Fig. 1. Distribution of available phosphorus in (a) a 
transect across a Formica polyctena nest, and (b) the 
top soil layer (depth of 0–5 cm) at various distances 
from the nest center.
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depending on the form of phosphorus so that the 
available forms were relatively more abundant 
than total phosphorus in the nest material (Table 
1). For example, total phosphorus content was 
about 1.3 times, whereas the available phospho-
rus content was 4 times higher in nest mounds of 
F. polyctena, than in the surrounding soil (Table 
1; Frouz & Kalčík 1996). This difference is even 
more pronounced for water-soluble phosphorus, 
the content of which was six times higher in the 
nest material than in the soil (13 ± 9 mg kg–1 in 
soil and 81 ± 37 mg kg–1 in soil rim of the nest; 
Frouz & Kalčík 1996). Thus, ants not only affect 
the overall content but also the availability of 
phosphorus. The greatest increase in available 
phosphorus content occurred in the center of the 
aboveground part of the nest, whereas the eleva-
tion in available phosphorus content was less 
pronounced in the deeper and peripheral parts of 
the nest (Fig. 1a). The elevation of phosphorus 
contents was typically restricted to the nest itself 
and the soil rim surrounding the nest (Fig. 1). 
A similar pattern has also been found in other 
species of Formica ants (Zacharov et al. 1981, 
Malozemova & Koruma 1973; Table 1) and 
mounds of other ant species such as soil mounds 
of Lasius niger (Frouz et al. 2003).

Zacharov et al. (1981) compared two F. aqui-
lonia nests of different ages and roughly calcu-
lated the changes in total amount of phosphorus 
contained in the two nests by multiplying the 
amount of phosphorus per unit weight with the 
estimated weight of the nest (Zacharov et al. 
1981). Based on these data an entire 2-year-old 
nest of F. aquilonia was estimated to contain 
10 g of available phosphorus and a 10-year-old 
nest about 75 g of available phosphorus, an 
increase of about 65 g in 8 years. Not only the 
absolute content of nutrients, but also the rela-
tive content of phosphorus, increased with nest 
age. The 2-year-old nest contained 250 mg kg–1 
of available phosphorus whereas the 10-year-old 
nest contained 550 mg kg–1 (nest age was known 
from an annual inventory of nests in the locality; 
Zacharov et al. 1981). Kristiansen et al. (2001) 
found that after abandonment of the nest mound 
the content of available phosphorus in the nest 
material decreased, but even 10 years after the 
abandonment the soil below nest contained more 
available phosphorus than the surrounding soil.

High content of available phosphorus in 
ant nests, and perhaps also other changes in 
nest material, may support plant growth. This 
assumption was tested in the seedling growth 
experiment (Table 2). The root, stem and needle 
biomass of P. abies seedlings grown in substrate 
taken from F. polyctena nest soil rim were sig-
nificantly higher as compared with those grown 
in soil taken 1 and 3 m from the nest (Table 2) 
(LSD post hoc test: p < 0.0001, d.f. = 20 in all 
cases in both comparisons for all three variables, 
root, stem and needle; Table 2). By contrast, 
the stem, root and needle biomass did not differ 
between seedlings grown in soil taken 1 and 3 m 
from the nest, respectively (Table 2). Seedling 
survival did not differ significantly between any 
of the three treatments (Table 2).

Mechanisms affecting content 
and availability of phosphorus in 
wood ant nests

Given that elevated levels of especially available 
phosphorus can be found in nest mounds of ants, 
the question arises by which mechanisms this 
occurs. Ants can modify the chemical content of 
nest material by: (i) soil mixing, i.e. the mixing 
of soil material from deeper and surface layers 
through excavation activities, (ii) enrichment of 
nest material by nutrient rich residues of food 
and excreta of ants, (iii) transport of organic 
matter into the ant nest as a building material 
(Baxter & Hole 1967, Kloft 1978, Frouz et al. 
2003). All these processes may affect both the 
overall amount and the availability of individual 
chemical elements. Availability can be, in addi-
tion, affected by acceleration of the decomposi-
tion of organic matter as well as changes in the 
pH mediated by the ants.

Soil mixing was proposed by Baxter and Hole 
(1967) as an important mechanism contribut-
ing to nutrient enrichment. However, as pointed 
out by Kristiansen et al. 2001, soil mixing itself 
is unlikely to cause the increase in phosphorus 
content in nests of wood ants, because deeper 
soil layers unaffected by ant activities contain 
less phosphorus than top soil layers (Fig. 1a). 
Continuous import of organic material into the 
nest may, however, cause nutrient enrichment in 
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the soil below the nest, and soil excavation and 
mixing may support nutrient enrichment in the 
soil rim.

Transport of food into the nest undoubt-
edly adds an important enrichment source of 
nutrients (Kloft 1978). Wood ants of the genus 
Formica bring into their nests large amounts of 
food (e.g. Oekland 1930, Wellenstein 1952, Holt, 
1955, Horstman 1974, Rosengren & Sundström 
1987, 1991, Gobel 1988, Frouz et al. 1997). The 
amount of honeydew brought into a nest ranges 
from 43 to 719 kg of fresh honeydew or 10–200 
kg of sugar (Oekland 1930, Wellenstein 1952, 
Horstman 1974, Gobel 1988). The input of prey 
may be impressive as well, e.g. Holt (1955) 
reports 456 g of prey brought into a wood ant 
nest per day. Frouz et al. (1997) estimated the 
annual input of phosphorus contained in food 
into nests of F. polyctena as 345 g of phosphorus 
per nest per year (270 g from prey and 75 g from 
honeydew).

The bulk of the nest material in wood ant nest 
mounds consists of plant material, such as nee-
dles, small branches, etc., which also contains 
considerable amounts of phosphorus. The same 
plant material also occurs in the surrounding soil 
but in a much thinner layer. For example, Zacha-
rov et al. (1981) state that the litter layer in a 
spruce forest near Moscow is 0–2.5 cm, whereas 
the volume of plant residues in five investigated 
nests of Formica aquilonia in the same forest 
ranged between 6 and 58 l, and the area of these 
nests between 0.35 and 0.75 m2. When the nest 
volume is divided by the nest area, we can cal-
culate that a nest represents a continuous layer of 
material 1.7–8 cm thick.

When focusing not only on the total amount 
of nutrients but also on their availability, then not 
only litter accumulation but also litter decompo-
sition becomes important. Using the litter bag 
technique Frouz et al. (1997) found out that 
spruce needles decomposed more than twice as 
fast in F. polyctena nests as in the surrounding 
soil. Consequently, the release of available phos-
phorus from litter may be up to 10 fold in ant 
nests as compared with that in the surrounding 
soil (Frouz et al. 1997). The high decomposition 
rate found in that study was accompanied by 
high density and activity of decomposing micro-
flora (Frouz et al. 1997). High densities and/or 

activities of decomposers, both microflora and 
invertebrate fauna, have repeatedly been reported 
in Formica nests (Gorny 1976, Coenen-Stass 
et al. 1980, Laakso & Setälä 1998). However, 
microbial activity in Formica nests is strongly 
dependent on nest material moisture; microbial 
activity is low in dry nests and increases dra-
matically with increasing moisture of the nest 
material (Frouz 2000, Lenoir et al. 2001). The 
high decomposition rate observed by Frouz et 
al. (1997) is thus probably not ubiquitous but 
limited only to moist ant nests. A study of mois-
ture distribution in more than 60 nests in the 
Czech Republic indicated that only 36% of the 
investigated nests had their moisture level higher 
than 30% (expressed as volume-to-volume ratio) 
(Frouz 1996). The nest moisture may play an 
important role not only in decomposition but 
also in the maintenance of nest temperature and 
understanding the pattern of nest moisture is a 
promising field for future research.

When the moisture is optimal, microbial 
activity in Formica nests may be enhanced by 
high temperatures. Ants of the genus Formica 
maintain throughout the activity period a rela-
tively constant temperature in their nest (Raignier 
1948, Rosengren et al. 1987, Frouz, 2000), which 
may be on average more than 10 °C higher than 
the temperature of the surrounding soil (Frouz 
2000). An increase in nest temperature of about 
10 °C may increase the microbial activity more 
than 3 fold (Frouz et al. 1997). Moreover, the 
decomposition of coniferous litter is often lim-
ited by nutrient deficiency (a low amount of 
nitrogen and phosphorus in relation to carbon), 
and by a high content of slowly decompos-
able substances (Millar 1974). Thus the input of 
additional nutrients, such as nitrogen and phos-
phorus with food and excreta may accelerate 
decomposition. Food residues and excreta may 
also add easily available organic material, such 
as sugars or amino acids, which may accelerate 
the decomposition of slowly decomposable sub-
stances (priming effect).

The availability of phosphorus in ant nests 
may increase also indirectly by a modification 
of other soil properties, in particular pH. The 
availability of phosphorus is highest in neutral 
or slightly acid soil. In alkaline soil phosphorus 
binds to calcium, whereas in acidic soil it binds 
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to iron and aluminum and so it becomes unavail-
able to plants (Leeper & Uren 1993, Brady & 
Weil 1999). The pH in ant mounds tends to shift 
towards neutral values, i.e. the pH value increases 
in acidic and decreases in alkaline soils (Dlusskij 
1967, Malozemova & Koruma 1973, Frouz et al. 
2003). This pH shift may increase the availability 
of phosphorus (Brady & Weil 1999).

Future research

The fact that ants accumulate significant amounts 
of phosphorus in their nest material, which is 
potentially available to plants, is well docu-
mented. This raises several new questions from 
a forest ecosystem perspective. For instance, 
do wood ant nests form hot spots, which enable 
local acceleration of nutrient turnover, or do they 
act as traps for nutrients extracted from the sur-
rounding ecosystem and bound in nest material? 
If ant nests perform both these functions, what 
conditions determine whether the nests serve as 
a source or sink of nutrients? The accumulation 
of phosphorus and other nutrients in ant mounds 
may in fact be associated with some depletion of 
these nutrients in the surrounding environment 
through imported food and nest building material 
(Frouz et al. 1997). Large amounts of nutrients 
incorporated in honeydew collected from sur-
rounding trees are continuously extracted from 
the environment and brought to a mound (Oek-
land 1930, Wellenstein 1952, Horstman 1974, 
Rosengren & Sundström 1987, Gobel 1988, 
Frouz et al. 1997). Ants are known to increase 
honeydew production by aphids (Gobel 1988, 
Rosengren & Sundström 1991) and this increase 
in tree exploitation by aphids may decrease tree 
growth (Rosengren & Sundström 1991). The 
effect of ant–aphid interaction on tree growth 
may be very complex, it may be affected by the 
presence of other herbivores, etc. (see Rosengren 
& Sundström 1991 for more detailed discussion) 
and require future attention.

The extent to which plants are able to use 
phosphorus accumulated in nest material, and its 
effect on plant growth, is also poorly understood. 
Wood-ant nests are usually not covered by herb 
vegetation, so this potential source of phos-
phorus may mainly benefit the trees growing 

around the nest. Indeed, our laboratory experi-
ment showed that when grown in soil collected 
from the soil rim of an ant nest spruce seedlings 
reach a greater biomass of root, stem (wood) and 
needle tissue, whereas survival of the seedlings 
remains similar to those grown in soil collected 
1–3 m away from a nest mound (Table 2). These 
results are, however, not directly applicable to 
field conditions as the outcome may also depend 
on moisture conditions in the nest (see above) 
and eventually on removal of seedlings by ants. 
An unresolved question is also to what extent 
mature trees can penetrate with their roots under 
the nest and use the accumulated phosphorus. A 
further question is whether phosphorus uptake by 
plants growing on an active nest mound changes 
after the abandonment of the mound?
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