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We tested experimentally if photoautotrophic microorganisms are a carbon

source for invertebrates in temperate soils. We exposed forest or arable soils

to a 13CO2-enriched atmosphere and quantified 13C assimilation by three

common animal groups: earthworms (Oligochaeta), springtails (Hexapoda)

and slugs (Gastropoda). Endogeic earthworms (Allolobophora chlorotica) and

hemiedaphic springtails (Ceratophysella denticulata) were highly 13C enriched

when incubated under light, deriving up to 3.0 and 17.0%, respectively, of

their body carbon from the microbial source in 7 days. Earthworms assimi-

lated more 13C in undisturbed soil than when the microbial material was

mixed into the soil, presumably reflecting selective surface grazing. By con-

trast, neither adult nor newly hatched terrestrial slugs (Deroceras reticulatum)

grazed on algal mats. Non-photosynthetic 13CO2 fixation in the dark was neg-

ligible. We conclude from these preliminary laboratory experiments that, in

addition to litter and root-derived carbon from vascular plants, photoauto-

trophic soil surface microorganisms (cyanobacteria, algae) may be an

ecologically important carbon input route for temperate soil animals that

are traditionally assigned to the decomposer channel in soil food web

models and carbon cycling studies.
1. Introduction
Biological soil crusts formed by algae and other photoautotrophic microorgan-

isms are known to be important carbon (C) sources in extreme climatic regions

[1,2]. By contrast, few studies have considered such C inputs into soil food webs

in temperate regions, focusing on soil organic matter [3] and microorganisms

[4]. For soil invertebrate animals, traditional models assumed that vascular

plants are the principal C sources, either as living plants (for herbivores such

as molluscs) or as plant litter (for detritivores such as earthworms) [5]. How-

ever, recent research has shown that C inputs from living roots also need to

be considered [6,7]. A third route of C input into temperate soil food webs

not yet quantified is via photoautotrophic soil microorganisms. Grazing on

and ingestion of soil algae, for example, have been observed in a number of

soil animal taxa [8–10], but the functional significance of this C route for

animal ecology and soil C dynamics is not known. Here, we report preliminary

experiments under controlled laboratory conditions in which we quantified

assimilated (rather than ingested) 13C tracer in soil invertebrates derived from

atmospheric 13CO2 in the absence of vascular plants.
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2. Material and methods
(a) Experimental set-up
Mineral soil (top 5 cm) was collected from a Sitka spruce (Picea
sitchensis (Bong.) Carr.) stand in Portlaois, Ireland, and from a cul-

tivated cereal plot at Thornfield, Belfield campus of University

College Dublin, Ireland. The forest soil was a clay with 3.8% C,

0.34% N, and the arable soil was a loam with 2.52% C, 0.27% N.

Six large (2.7 l), square glass jars with rubber-seal cliptops

(KilnerTM, Rayware Group, Liverpool, UK), lying on the side,

were filled with a 2 cm layer of laboratory sand (0.1–0.3 mm

particle size), onto which a 2 cm layer of sieved (2 mm) forest or

arable soil was placed (see the electronic supplementary material,

figure S1). The sand drainage layer ensured moist conditions

during daytime (high temperatures, high evaporation) and

prevented flooding of the soil surface during night-time (lower

temperatures and condensation). Soil was kept near water

capacity, but never water-logged. To let photoautotrophic

microbial surface communities establish, open jars were initially

incubated in a plant growth chamber at 208C for 21 days; light

was provided by fluorescent and tungsten lamps at an irradiance

of 300 mE in a 12 L/12 D cycle.

Isotopically labelled 13CO2 was produced in 60 ml syringes

attached to a three-way valve by releasing 0.15 M HCl onto

NaH13CO3 (99 atom% 13C) and injected into the jars through a

rubber septum (see the electronic supplementary material, figure

S1). Initial nominal 13C enrichment of the CO2 in the jars’ atmos-

phere was 74 atom% 13C with a concentration of 1300 ppm CO2.

Three 13CO2 pulses were administered, after 1, 4 and 8 days.

Closed jars (two each with forest and arable soil) were incubated

in the same growth chamber at 208C in the light for 12 days in

total. To estimate non-photosynthetic C fixation from 13CO2 in

the dark, two additional jars with forest soil were wrapped in alu-

minium foil and incubated along with the other jars. Replication of

jars for the 13C labelling step was kept low (n ¼ 2 per treatment)

because variation between jars in 13C uptake efficiency was not

of interest and false negative results due to a labelling failure

were unlikely with repeated 13CO2 injections.

After 12 days, intact soil cores (8.5 cm diameter) were excised

and transferred from the Kilner jars into individual round poly-

propylene containers (250 ml). The forest soil with the microbial

crust was either left intact or mixed manually to simulate soil dis-

turbance that distributes superficial organic matter; the arable

soil was left intact. Then, representatives of three important soil

animal groups were introduced: earthworms (forest soil) and

springtails and slugs (both arable soil), and incubated in the

dark at 158C for 7 days (slugs 3 days).
(b) Soil invertebrates
Adult Allolobophora chlorotica (Savigny 1826) (Annelida: Lumbrici-

dae), a common, endogeic, geophagous earthworm species [11],

were collected manually from a vegetable garden in County

Dublin. Five adults (mean live weight 268 mg, range 137–406 mg)

were introduced per container. There were four containers for

light-incubated forest soil (two each with soil left intact and soil

mixed) and two containers with dark-incubated, intact forest soil.

Ceratophysella denticulata (Bagnall 1941) (Hexapoda: Collem-

bola) is a common, surface-dwelling (hemiedaphic life form)

springtail species that is expected to feed on soil algae [12].

Adults were obtained from own laboratory cultures and 20–25

individuals were introduced into each container (n ¼ 3) with

light-incubated, arable soil.

Adult grey field slugs, Deroceras reticulatum (O. F. Müller

1774) (Mollusca: Agriolimacidae) [13], were collected manually

from the same cultivated cereal plot at Thornfield. Adults were

kept in laboratory culture, and eggs that were laid were incu-

bated until hatching. Four newly hatched D. reticulatum (mean
live weight 2 mg) and two freshly collected adult D. reticulatum
(mean live weight 294 mg, range 115–601 mg) were introduced

into each container (n ¼ 2) with light-incubated, arable soil.

(c) Microbial, isotopic and statistical analysis
Microbial crusts and soil were sampled on the day when invert-

ebrates were introduced. Small samples containing microbial

mats were scraped off the soil surface and dispersed in water.

Photoautotrophic microorganisms (cyanobacteria, algae) were

classified roughly according to Archibald [14] under a light

microscope (100� and 400� magnification).

Soil was sampled by scraping the surface layer (about 1 mm)

or in bulk after mixing, dried at 508C and powdered in a ball

mill. Invertebrates were starved on moist filter paper for 24 h at

158C (to allow gut clearance), frozen and freeze-dried for 24 h.

Earthworms and adult slugs were ground individually with

mortar and pestle before weighing of subsamples (about 1 mg

dry weight each) into tin capsules. To achieve sample masses

required for mass spectrometry, between 20 and 25

C. denticulata were taken from each container and pooled as

one sample per container (0.2–0.3 mg dry weight).

Samples were analysed by continuous flow isotope ratio mass

spectrometry (CF-IRMS) as described previously [11]. Isotopic

ratios are expressed in conventional delta (‰) notation. Control

animals of each species from unlabelled jars or the field (earth-

worms, large slugs) were analysed and compared statistically to

animals that had access to labelled mats by non-parametric

Mann–Whitney U-tests (StatView v. 5). Data are shown as scatter-

plots and medians, as advocated by Weissgerber et al. [15] for such

small sample size studies. Data points for the large-bodied species

(earthworms and slugs) are shown for individual animals (con-

sidered here as replicates) because the main interest was in the

variation in 13C assimilation between individuals from the same

algal mats (with a known, measured 13C enrichment).
3. Results
In the dark (figure 1a), non-photosynthetic fixation of 13CO2

in forest soil was negligible and no 13C was assimilated by

earthworms (U-test p . 0.10). In the light, significant amounts

of 13C were fixed photosynthetically by microorganisms, as

evidenced by high 13C values of the bulk soil organic matter

(figure 1b) and very high enrichments (d13C þ 3014‰+
1045, mean+ s.d., n ¼ 4) of the surface mat samples.

This 13C was also assimilated by earthworms, A. chlorotica,

especially where the soil had been left intact, but also from

mixed soil (figure 1b). All earthworm d13C comparisons

between control, mixed, unmixed treatments were significantly

different (U-test p , 0.001, n ¼ 9 or 10).

Springtails initially had a median d13C value of –22.5‰

(n ¼ 3) and were very highly labelled (median d13C þ
380‰, n ¼ 3, U-test p , 0.05) (figure 2a) after 7 days’ feeding

on soil microbial mats (d13C þ 2360‰+231, mean+ s.d.,

n ¼ 3), on arable soil. Remarkably, the measured C content

of the soil surface crust including microbial mats was only

6.1% C+0.6, just over double that of bulk soil (2.5% C+ 0.1).

Neither adult nor newly hatched slugs, D. reticulatum,

assimilated any labelled C derived from CO2 (figure 2b).

Start and end whole-body d13C values were not significantly

different (medians –24.2‰ versus –23.8‰ for adults,

–25.9‰ versus –25.0‰ for newly hatched, all n ¼ 4 or 5)

(U-test all p . 0.10).

Types of photoautotrophic microorganisms in the soil sur-

face samples included (in order of frequency): Cyanobacteria;
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Figure 1. Scatterplots showing (a) 13C fixation in soil in the dark (note narrow range of Y-axis scale) and (b) detection of 13C in soil incubated under labelled 13CO2

atmosphere with light, and its assimilation by earthworms (A. chl., Allolobophora chlorotica) from mixed or unmixed forest soil. Coloured bars are medians. (Online
version in colour.)
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Figure 2. (a) Detection of microbially fixed 13C in arable soil and collembolans (C. den., Ceratophysella denticulata) and (b) no evidence for assimilation of micro-
bially fixed 13C by newly hatched ( juv.) or adult slugs, Deroceras reticulatum. Coloured bars are medians. (Online version in colour.)

Table 1. C (% of total) in forest soil and A. chlorotica derived from
photoautotrophic microbial sources (mean+s.d.). n.a., not applicable.
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unidentified unicellular, coccal cells; Bacillariophyta;

Chlorophyta; Euglenophyta.
compartment undisturbed soil mixed soil

total soil 1.8 (0.7) 2.1 (0.9)

lower soil layer 0.2 (0.2) n.a.

earthworms 3.0 (0.8) 0.7 (0.2)
4. Discussion
C fixed from CO2 by photoautotrophic soil microorganisms

was used as a C source by important soil decomposer animals.

These results show that a third route of C inputs into temperate

soil food webs exists, independently of vascular plants that

contribute litter and root-derived inputs [5]. Previous studies

have surmised that such C sources must exist, for instance

[16] concluded that 20–40% of microbial C sources in a temper-

ate grassland were not derived from vascular plants. Recently,

C and nitrogen assimilation by soil microfauna (stylet-bearing

nematodes and tardigrades) from cyanobacteria of desert soil

crusts was demonstrated [17].

Simple isotope mixing equations suggest that, in just 7

days, earthworms derived 3.0% and 0.7% of their total

body C from the autotrophic microbial C source in undis-

turbed (see the electronic supplementary material, figure

S2) and mixed forest soil, respectively, while the proportion

of new C on the bulk soil C was 1.8 and 2.1% and just
0.2% in the lower soil layer (table 1). Springtails, which are

smaller and have faster tissue turnover than earthworms,

derived 17.0% of their body C from the microbial source in

unmixed arable soil. These estimates suggest that the

microbial C input route could be of ecological importance,

representing a small [3,18] but very productive and reactive

[1,19] C pool that is grazed selectively by soil animals. As

in a study on desert soil crusts [17], the present data cannot

distinguish between direct assimilation of photoautotrophs

and prior C flow through heterotrophic microorganisms,

but the short incubation times tend to support the direct

route. Further research is required to establish the signifi-

cance of such microbial C inputs in natural soils, so that
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soil food web models [5] and C cycling studies [2] account for

this route. Grazing by animals, in turn, probably controls soil

photoautotrophic microbial communities [10].

Having dwelled on highly enriched microbial mats, in the

absence of vascular plants, slugs did not assimilate CO2-

derived C. Newly hatched D. reticulatum in particular could

be expected to graze on algal mats, but the present findings

confirm both life stages as herbivores of vascular plants [13].
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