
Biodiversity was widely reported to be correlated to 
sustainability, not only in natural ecosystems but also 
in anthropic ecosystems. Earthworms (Oligochaeta: 
Lumbricidae) have been many times confirmed as soil 
bioengineers (Jones et al. 1994, Boyle et al. 2019) and 
as environmental, biological drivers (Lemtiri et al. 
2014, Phillips et al. 2020), and different structural and 
functional features of their biology and ecology were 
researched. The feeding and burrowing behaviours 
of these organisms are the most important providers 
of benefits and services in terrestrial ecosystems: 
the epigeic earthworms feed with surface litter and 
generally organic matter (Hoeffner et al. 2018) and are 
litter-dwelling species contributing to its decomposi-
tion and mineral recycling (Dungait et al. 2008); the 
endogeic earthworms are geophagous species, soil-
dwelling species, horizontally burrowers, with major 
impact in increasing the soil fertility and improving 
important physical properties of it, such drainage, 

aeration, texture, structure, bulk density (Iordache 
2012); the anecic earthworms vertically and deeply 
burrow into the soil and feed with soil and surface 
litter (Dungait et al. 2008) by pulling it into the bur-
rows and contributing this way to the improvement 
of numerous properties of soils (Iordache 2012). The 
casting activity of earthworms consisting of excre-
tion of the ingested soil and organic matter after 
digestion processes depends on these three types of 
feeding behaviours and ecology of the earthworms, 
being even described in the current literature in the 
field as a new ecological feature of earthworms: the 
casting ecology (Boyle et al. 2019).

When earthworm casts have been structurally 
analysed, the studies have focused on the microscale 
architecture (Pey et al. 2013, Vidal et al. 2016), mi-
cromorphology (Shipitalo and Protz 1989), organo-
mineral stability (Haynes and Fraser 1998, Bottinelli 
et al. 2010, Chen et al. 2021). However, due to their 
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implications in the nutrient cycles, through casting 
activity (between 36 and 108 t/ha/year (Lavelle and 
Spain 2001) in temperate ecosystems), such as nutri-
ent enhancing and availability shifting between the 
nutrient pools of the soil as result of the properties 
of the biogenic casts (the formation of earthworm 
casts determines changes in the microbiota spread, 
distribution and composition across soil layers, al-
teration of the resources accessibility to soil biota, 
increased microbial and enzyme activity against the 
adjacent soil, reasons for why the casts are considered 
microbial hotspots) and also do to their contribution 
in modifying the soil characteristics through biotur-
bation (layer arrangement, aggregates, porosity, bulk 
density, runoff and sediment loss, water retention and 
management) through the soil ingestion and mixing 
during the burrowing activity, modifying thus the mi-
crobiological accessibility to the organic and inorganic 
soil nutrients, earthworms worth to be considered 
when the biogeochemical cycles of the ecosystems 
are analysed. During the food consumption and cast 
excretion, the earthworms are mixing the mineral 
and organic substrates of the soil and thus alter the 
nutrient cycles at these levels (Frelich et al. 2006), 
shifting subsequently the microbial community of 
soil and rising through their casts soil conditions as 
media for selective microbial growth (Traore et al. 
2022), all these aspects with implications in the global 
natural cycles of gas emissions, like CO2 and N2O 
through complex chemical interactions (Tecimen et 
al. 2021). Earthworms accomplish the major role of 
supplying organic matter (mostly present in the first 
20–30 cm of topsoil) to the soil food webs, making it 
more available to other soil microorganisms (Lemtiri 
et al. 2014) and converting it in their body tissues 
with different ratio C : N than initial input (Schmidt 
et al. 1999), regulating thus the C and N cycles and 
creating models and pathways of retention and loss 
of C and N at soil level. The main drivers of these 
contributions are the mechanistic and microbiological 
transformations mediated by earthworm digestion 
and excretion (casting) characteristics. According to 
their ecological type, earthworms ingest soil organic 
matter with different localisation in the soil profile, 
accessing this way different pools of C and N from it 
and acting as detritivore organisms with various niches 
of C and N (total, labile) related to the soil profile. 
The epigeic and endogeic earthworms access during 
their feeding the total and labile C and N from plant 
litter and residues and the microbial biomass (both 
mainly contributors of the soil organic matter (Vidal 

et al. 2019)), but the endogeic and anecic earthworms 
also ingest mineral soil and determine transformed 
microstructural architecture and distribution between 
organic and mineral fractions (Le Mer et al. 2022) 
within casts, which create conditions for C and N loss 
(CO2 mineralisation, denitrification, leaching) or pro-
tection (C sequestration, nitrification) (Lemtiri et al. 
2014). The biological feature of earthworms involved 
in assessing these benefits is the digestive function, 
finalised in excretion, as casts. All structural, micro-
biological and biogeochemical impacts of earthworms 
in soil start with their feeding and digestive functions, 
which end in casting. Earthworms are cast into their 
burrows or on the soil, depending on the species and 
their feeding and burrowing ecology (Boyle et al. 
2019, Vidal et al. 2019). The properties of earthworm 
casts and their contributions to the natural and hu-
man terrestrial ecosystems have been studied in field 
conditions and laboratory experiments. Earthworm 
casts represent a nexus among three factors when their 
chemical features are analysed: plant residues (above 
and below ground) (Fisk et al. 2004), mineral particles 
of soil, and soil microbiota (Vidal et al. 2019), repre-
senting therefore complex biogenic-organo-mineral 
aggregates (Lee 1985, Six et al. 2004, Sheehy et al. 
2019). The research in the field already revealed that 
earthworms’ casts are richer in several main nutrients 
(like nitrogen, phosphorus, and potassium) than the 
adjacent soil (Table 1), and their chemical composi-
tion depends on species (Suarez et al. 2004, Sheehy et 
al. 2019, Aira et al. 2022b), diet (Shi et al. 2019), soil 
type (Abail et al. 2017), site type (Nowak 1995, Chen 
et al. 2021), seasonality and climatology (Wang et al. 
2021a), tillage (Bottinelli et al. 2010, Andriucă et al. 
2012) or other chemical factors of the adjacent soil 
or food, like carbon content (Nowak 1995), C : N ratio 
(Decaens et al. 1999), exchangeable cations (Basker 
et al. 1993, Nowak 1995), or microbiology (Aira et 
al. 2022a,b). However, studies regarding the intrinsic 
chemical composition of earthworm casts and their 
implications in the biogeochemical cycles of the main 
nutrients in terrestrial ecosystems are scarce. 

The chemical parameters included in this analysis 
have been chosen due to their significant importance 
in soil quality and plant nutrition and because several 
studies (Rawlins et al. 2008, Jia et al. 2012) recom-
mend these parameters as indicators in assessing 
the evolution of ecosystems: organic carbon (OC), 
nitrogen (N), phosphorus (P), potassium (K), and 
calcium (Ca). It was chosen to include the Ca in the 
analysis of earthworm casts because earthworms pre-

248

Review	 Plant, Soil and Environment, 69, 2023 (6): 247–268

https://doi.org/10.17221/461/2022-PSE



Table 1. Contents of earthworm cast nutrients (C, N, P, K, Ca) as compared to the bulk soil

No. Nutrient 
form

The content 
increase 

compared to 
bulk soil (%)

Earthworm species/ 
ecological group Ecosystem type Source

1

Organic C

82–94
Millsonia inermis
(Michaelsen 1892) 

 – endogeic

Sudano-Sahelian agroecological 
cropping system amended with 

woody residues, West Africa

Traore et al. 
(2022)

2 330 Pontoscolex corethrurus
(Muller 1857) – endogeic

30-year-old subtropical monsoon 
plantation (Schima wallichii 

dominated), China

Wang et al. 
(2021b)

3 50 Amynthas khami
(Thai 1984) – anecic

small watershed, tropical 
environment, Northern Vietnam

Bottinelli et al. 
(2021)

4 40–48 meta-analysis meta-analysis Van Groenigen 
et al. (2019)

5 60–90 Amynthas adexilis
(Thai 1984) – anecic

tropical environment, 
Northern Vietnam

Puche et al. 
(2022)

6 20.50 Eisenia fetida
(Savigny 1826) – epigeic

no tillage semi-humid temperate 
continental monsoon climate, 

Northern China

Chen et al. 
(2021)

7 14.40 Eisenia fetida
(Savigny 1826) – epigeic

ridge tillage semi-humid temperate 
continental monsoon climate, 

Northern China

Chen et al. 
(2021)

8 114.15 Drawida assamensis 
(Gates 1945) – endogeic

bamboo plantations, 
West India

Chakraborty 
et al. (2020)

9 99.19 Eutyphoeus scutarius 
(Michaelsen 1907) – endogeic

bamboo plantations, 
West India

Chakraborty 
et al. (2020)

10 13.59 Metaphire posthuma
(Vaillant 1868) – endogeic

bamboo plantations, 
West India

Chakraborty 
et al. (2020)

11 10–22.72 Lumbricus terrestris L. 
(1758) – anecic mesocosm Nowak (1995)

12 12.72 Apporectodea caliginosa 
(Savigny 1826) – endogeic mesocosm Nowak (1995)

13 15–19 Eisenia fetida
(Savigny 1826) – epigeic mesocosm Shi et al. (2019)

14 0.87–4.92

Apporectodea caliginosa 
(Savigny 1826) – endogeic
and Lumbricus terrestris L. 

(1758) – anecic (dominants)

wheat crop, 
France

Bottinelli et al. 
(2010)

15

Dissolved 
organic C

927.27 Lumbricus rubellus
(Hoffmeister 1843) – epigeic mesocosm Vos et al. 

(2014)

16 410 Apporectodea caliginosa 
(Savigny 1826) – endogeic mesocosm Vos et al. 

(2014)

17 910 Lumbricus terrestris L. 
(1758) – anecic mesocosm Vos et al. 

(2014)

18

Total N

11.50
Metaphire tschiliensis 

tschiliensis (Michaelsen 1928) 
– endogeic

mesocosm Teng (2012)

19 197 Pontoscolex corethrurus
(Muller 1857) – endogeic

30-year-old subtropical 
monsoon plantation 

(Schima wallichii 
dominated), China

Wang et al. 
(2021b)
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No. Nutrient 
form

The content
increase

compared to
bulk soil (%)

Earthworm species/ 
ecological group Ecosystem type Source

20

Total N

40–48 meta-analysis meta-analysis Van Groenigen 
et al. (2019)

21 75.12 Drawida assamensis 
(Gates 1945) – endogeic

bamboo plantations, 
West India

Chakraborty 
et al. (2020)

22 116.60 Eutyphoeus scutarius 
(Michaelsen 1907) – endogeic

bamboo plantations, 
West India

Chakraborty 
et al. (2020)

23 28.72 Metaphire posthuma 
(Vaillant 1868) – endogeic

bamboo plantations, 
West India

Chakraborty 
et al. (2020)

24

Available N

42.63 Drawida assamensis 
(Gates 1945) – endogeic

bamboo plantations, 
West India

Chakraborty 
et al. (2020)

25 198.41 Eutyphoeus scutarius 
(Michaelsen 1907) – endogeic

bamboo plantations, 
West India

Chakraborty 
et al. (2020)

26 66.70 Metaphire posthuma 
(Vaillant 1868) – endogeic

bamboo plantations, 
West India

Chakraborty 
et al. (2020)

27 Mineral N 241 (mean) meta-analysis meta-analysis Van Groenigen 
et al. (2019)

28

Total P

14.51
Metaphire tschiliensis 

tschiliensis (Michaelsen 1928) 
– endogeic

mesocosm Teng (2012)

29 57.69 Pontoscolex corethrurus
(Muller 1857) – endogeic

30-year-old subtropical 
monsoon plantation 

(Schima wallichii dominated)

Wang et al. 
(2021b)

30 40–48 meta-analysis meta-analysis Van Groenigen 
et al. (2019)

31

Available P

73–130 Millsonia inermis
(Michaelsen 1892) – endogeic

Sudano-Sahelian agroecological 
cropping system amended with 

woody residues, West Africa

Traore et al. 
(2022)

32 84 (mean) meta-analysis meta-analysis Van Groenigen 
et al. (2019)

33 30.08 Drawida assamensis 
(Gates 1945) – endogeic

bamboo plantations, 
West India

Chakraborty 
et al. (2020)

34 33.22 Eutyphoeus scutarius 
(Michaelsen 1907) – endogeic

bamboo plantations, 
West India

Chakraborty 
et al. (2020)

35 68.65 Metaphire posthuma 
(Vaillant 1868) – endogeic

bamboo plantations, 
West India

Chakraborty 
et al. (2020)

36 Total 
available P 300–450 Eisenia fetida

(Savigny 1826) – epigeic mesocosm Shi et al. 
(2019)

37 Total K 2.41
Metaphire tschiliensis 

tschiliensis (Michaelsen 1928) 
– endogeic

mesocosm Teng (2012)

38

Available K

52.19 Drawida assamensis 
(Gates 1945) – endogeic

bamboo plantations, 
West India

Chakraborty 
et al. (2020)

39 109.54 Eutyphoeus scutarius 
(Michaelsen 1907) – endogeic

bamboo plantations, 
West India

Chakraborty 
et al. (2020)

40 65.15 Metaphire posthuma 
(Vaillant 1868) – endogeic

bamboo plantations, 
West India

Chakraborty 
et al. (2020)
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sent oesophageal calciferous glands (Hopfensperger 
et al. 2011) with an incompletely elucidated role. 

Organic carbon in earthworm casts

The content of organic carbon in soils depends on 
several main factors like vegetation (Wei et al. 2022), 
local climate (Mao et al. 2022, Wang et al. 2022), 
mineralisation degree of organic matter (Ortner et al. 
2022), microbiota (Mueller et al. 2015). The soil stock 
in the first meter of the soil profile is more organic 
carbon than the atmosphere and the above-ground 
vegetation combined (FAO 2017). It is estimated 
that 75% of the total organic carbon (TOC) stored in 
terrestrial ecosystems is contained in soil, a double 

amount than in the atmosphere (Dixon et al. 1994). 
Through casting, earthworms stabilise the soil organic 
carbon (SOC) into soil aggregates depending on the 
distribution of aggregate fractions (Wu et al. 2017, 
Arai et al. 2018) and mediate the redistribution and 
the storage of the SOC and N in soil macroaggregates 
(> 250 µm) as indicated a study in a no-tilled bo-
real soil (Sheehy et al. 2019). The organic carbon in 
earthworm casts depends on total pore area, tensile 
strength, and water repellence, which are indicators 
of the physical and structural stability of earthworm 
casts to be maintained unaltered in order to enhance 
the long-term carbon sequestration (Chen et al. 
2021), along with increased earthworm abundance. 
Several studies (Li et al. 2014) showed that C miner-

No. Nutrient 
form

The content
increase

compared to
bulk soil (%)

Earthworm species/
ecological group Ecosystem type Source

41

Available K

7–12.6 Eisenia fetida
(Savigny 1826) – epigeic mesocosm Shi et al. (2019)

42 4.34–34.78 Lumbricus terrestris L. 
(1758) – anecic mesocosm Nowak (1995)

43 8.69 Apporectodea caliginosa 
(Savigny 1826) – endogeic mesocosm Nowak (1995)

44 Total Ca 27.55
Metaphire tschiliensis 

tschiliensis (Michaelsen 1928) 
– endogeic

mesocosm Teng (2012)

45 Total CaCO3 66.19 Prosellodrilus spp. 
– endogeic mesocosm Garcia-Montero 

et al. (2013)

46

Exchangeable 
Ca2+

10–17

Apporectodea caliginosa 
(Savigny 1826) – endogeic

and Lumbricus rubellus
(Hoffmeister, 1843) 

– epigeic (dominants)

3-5-year-old meadow, 
Poland

Makulek and 
Kusińska (1997)

47 204–252

Apporectodea caliginosa 
(Savigny 1826) – endogeic

and Lumbricus rubellus
(Hoffmeister 1843) 

– epigeic (dominants)

6-8-year-old meadow, 
Poland

Makulek and 
Kusińska (1997)

48 219–300

Apporectodea caliginosa 
(Savigny 1826) – endogeic

and Lumbricus rubellus
(Hoffmeister 1843) 

– epigeic (dominants)

permanent meadow, 
Poland

Makulek and 
Kusińska (1997)
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alisation is strongly coupled with N mineralisation, 
and a positive correlation exists between C and N 
mineralisation in soil. The C is a driver both for 
earthworm activity and for N mineralisation (Sierra 
et al. 2014) because both depend on its availability. 
Two sources for the interactions that occurred be-
tween C and N have been revealed until present to 
be implicated in the natural biogeochemical cycles of 
carbon and nitrogen: the microbiological activity of 
soil and the chemical transformations of plant litter 
in relation to earthworms feeding and locomotion 
activities. The soil microbiota which serves as food 
for earthworms has a low possibility to move into 
the soil across the soil layers to reach organic food 
resources in order to find assimilable C to feed up 
(Lavelle et al. 1995, Brown et al. 2000), so the earth-
worms serve as vectors and accomplish this role, 
as a mutualistic association, resulting a priming-
enhancement of microbiota after passing through 
earthworm gut (Lavelle et al. 1995), and thus both 
parts (earthworms and microbiota) contributing to C 
and N mineralisation in soil (Bernard et al. 2012, Abail 
et al. 2017). These mechanisms should be regarded 
as a qualitative enhancement because not always 
the species richness of the microbial communities 
are positively affected after earthworms ingestion, 
being noted as neutral (de Menezes et al. 2018) and 
negative (Furlong et al. 2002, Koubová et al. 2015) 
effects. Other two mechanisms through which the 
cycles of C and N are deeply related to the earth-
worm feeding particularities are the enhancement 
of the enzymatic activity of the microbiota involved 
in the decomposition of organic matter and associ-
ated with earthworm digestion (Jouquet et al. 2007, 
Don et al. 2008, Lu et al. 2021) and respectively the 
direct influence of earthworms on the expression 
of the microbial genes (Medina-Sauza et al. 2019), 
especially on the functional genes of the bacteria 
involved in N cycle (Ribbons et al. 2018, Lv et al. 
2019), expressed as increase or decrease of N release 
as a species-depending mechanism (Lv et al. 2019). 
Fahey et al. (2011) explained the transport of C and N 
between plant litter and soil organic matter in a forest 
ecosystem through the close interrelations between 
C and N, which appear in two processes regarding 
the plant litter decomposition and mineralisation, 
both with high importance in earthworm feeding 
and cast production: the leaching of organic matter 
from plant litter, and the mineralisation of litter 
through digestion-associated microbial processes. 
Not always a high rate of earthworm-associated C 

mineralisation produces changes in the total carbon 
of soil (Price-Christenson et al. 2020). However, 
there are many more factors which affect the natural 
cycle C-N in earthworm presence, like plant roots 
presence (Suarez et al. 2004), the presence of mycor-
rhizae (Paudel et al. 2016, He et al. 2018), or type and 
quality of food substrate (Lavelle et al. 1992, Marhan 
and Scheu 2005), cast ageing (Decaens et al. 1999, 
Aira et al. 2010, Bottinelli et al. 2020), cast freshness 
(Lavelle et al. 1992, Decaens et al. 1999), reabsorption 
processes of C and N taking place in the earthworm 
gut (Lavelle et al. 1992), certain climatic conditions 
or soil physical parameters (McInerney and Bolger 
2000), seasonality (Subler and Kirsch 1998, Wang et 
al. 2021a). Thus, the C content increased along cast 
ageing, probably due to certain processes like CO2 
fixation, organic matter with the dead-root origin, and 
macrofaunal activities in earthworm casts (Decaens 
et al. 1999). Don et al. (2008) found that the diameter 
of an earthworm burrow is a factor affecting the C 
input into the soil, serving as a transport path and 
showed that the burrow diameter is an indicator of 
burrow age, especially if the increase of the diameter 
is associated with the increase of the depth. Also, 
factors like the status of the burrow, abandoned or 
inhabited, or the filling of the burrow (Leue et al. 
2018) with new casts in attempting to reduce the 
burrow diameter according to species necessities 
are suggested in the evaluation of the contribution 
of earthworm casts to C-N cycles.

The content and availability of N and the dynamic of 
C in soil are significantly impacted by the practices of 
land use and the history of earthworm casts (Jouquet 
et al. 2007) because these affect the microbiologi-
cal activity both in casts and in soil, impacting thus 
the mineralisation and the availability of the labile 
organic substrates, influencing thereby the microbial 
immobilisation in the soil of C and N. Thus, there 
was found that higher activity of acid phosphatase 
in old earthworm casts is associated with fungal 
activity (Jouquet et al. 2007), probably because the 
soil organic matter becomes less bioavailable dur-
ing cast ageing ( Jouquet et al. 2007), unlike fresh 
casts where bacteria dominate the microbial activity 
as a response to the great availability and lability 
of organic matter (Wolters and Joergensen 1992). 
Aira et al. (2010) showed that, only through the 
casting process (producing and ageing), endogeic 
earthworms A. caliginosa form isolated hot spots of 
microbial activity and biomass in soil, activity de-
creasing with cast ageing while the biomass remains 
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constant although with a superior value for fungi as 
compared to bacteria. Several studies do not support 
this tendency of the microbial activity dominated 
by fungi in earthworm casts over time during the 
ageing process (Tiunov and Scheu 2000), suggesting 
that this is a species-mediated and environmentally-
mediated phenomenon. Changes in the mineralisa-
tion of soil organic carbon in earthworm casts have 
also been reported to be related to the volume of the 
particulate organic matter and the pore architecture 
of casts in the anecic earthworm Amynthas exiles 
in a tropical ecosystem from northern Vietnam, 
emphasising the role of earthworms as biophysical 
stabilisers, stockers and controllers of soil organic 
carbon (Puche et al. 2022). Also, other earthworm 
physiological particularities are associated with C 
labilisation in casts, such as the earthworm mucus, 
which is secreted during the burrowing activities 
and cast formation and is rich in labile C compounds 
(Eisenhauer 2010).

Earthworms can sequestrate SOM in temperate 
ecosystems (Zhang et al. 2013) through casting, and 
their impact on carbon mineralisation was estimated 
at to 20% increase in certain experimental conditions 
(Garnier et al. 2022). Thus, earthworms become 
important in understanding the C and N minerali-
sation/sequestration processes in soils, which are 
complex phenomena needing further information 
to be elucidated. Recent studies (Zhang et al. 2018, 
2020) showed that the stocking ways of TOC and 
total N in soil represent a very important tool in the 
evaluation of ecosystem sustainability to mitigate 
climatic changes and to bring carbon back into the 
soil is indicated by more relevant recent studies 
(Lubbers et al. 2013, Nigussie et al. 2017, Sheehy et al. 
2019, Puche et al. 2022) to be a main goal in fighting 
climate warm alongside the reducing of carbon emis-
sions, as two parts of a single balance. The activities 
which disrupt the natural soil profile, like activities 
involving land degradation, like surface mining (Liu 
et al. 2017), disturb the cycles of TOC and total N by 
reducing their pool in soil (Shrestha and Lal 2010). 
However, the pool of TOC and Nt in the soil can 
increase in adequate situations of soil management, 
like revegetation (Zhang et al. 2020) or exploitation 
of the bio-ecological features of soil biota, such as 
earthworm presence in soil (Padmavathiamma et al. 
2008), among others. Regarding this last aspect, an 
"earthworm dilemma" (Lubbers et al. 2013) requires 
to be more investigation in the future by the scientific 
community: are the earthworms greenhouse emitters 

(Rizhiya et al. 2007, Namoi et al. 2019, Santos et al. 
2021) or, on the contrary, these organisms are carbon 
stockers (Zhang et al. 2013)? An answer based on 
the achievements of the current research in the field 
indicates that this depends on site-specific conditions 
of the ecosystem (Knowles et al. 2016, Thomas et 
al. 2020, Puche et al. 2022) or on other indirect fac-
tors like food substrate (Namoi et al. 2019). Thomas 
et al. (2020) showed that earthworms are involved 
in C storage through the following mechanisms: 
soil-organic matter aggregation in casts, hydropho-
bicity of casts, and organo-mineral complexes of 
casts. The physical stabilisation of C in earthworm 
casts by physical sequestration remains one of the 
reliable earthworms’ ways to stabilise the C in soil 
(Alekseeva et al. 2006, Thomas et al. 2020, Puche et 
al. 2022). Certain studies showed that soil organic C 
protection in fresh earthworm casts becomes evi-
dent after 72 days, and long-term physical protec-
tion through organic C sequestration in earthworm 
casts lasts more than 400 days (Puche et al. 2022). 
Some studies showed that earthworms’ presence 
not always increases the stocks of C in soil, but in 
the long term, the earthworm castings contribute 
to increasing the resilience of C in soils (Thomas 
et al. 2020), physically but also chemically because 
earthworms may exhibit as well chemical ways to 
stabilise the C such as regulating CO2 by producing 
calcite granules (ability specific to certain lumbricid 
species – Canti and Piearce 2003), or bio-chemical 
ways such as humification of the soil organic matter 
in the form of humus-carbon resistant to microor-
ganism decomposition (United States Department 
of Agriculture 2009) as a form of aggregate stability 
(Marashi and Scullion 2003, Neto et al. 2010, Desie 
et al. 2020), or enhance the presence of cementing 
agents like polysaccharides and lignin (Ge et al. 
2001, Alekseeva et al. 2006) in casts in attempting 
to stabilise labile forms of C into more stable forms 
(Stevenson 1994, Thomas et al. 2020).

A table presenting a synthesis of C transformations 
during the earthworm activity of casting (Table 2) 
is listed below.

Nitrogen in earthworm casts

Some studies estimate that approximately 10% 
of the total organic matter of the soil present in 
the first 15 cm of soil is annually passing through 
the earthworms, and also these organisms process 
a similar percent of mineral N of the annual plant N 
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Table 2. Carbon (C) transformations related to earthworm-casting processes

No. Process Mediator factors Determinant factors Source

1 C mineralisation

Earthworm 
digestive 

system and 
feeding 
ecology

Mechanical grinding and peristaltic 
movements of the gizzard and gut on food

Earthworm gut microbiota from digestive 
mucus

Digestive enzymes of earthworm gut

Earthworm casts microbiota

Earthworm gut transit has priming- 
enhancement effect on ingested microbiota

Earthworm locomotion is vector of soil 
microbiota movement across soil layers

Abail et al. (2017)
Bernard et al. (2012)
Bertrand et al. (2015)

Brown et al. (2000)
Don et al. (2008)

Gopal et al. (2017)
Jouquet et al. (2007)
Lavelle et al. (1995)

Li et al. (2014)
Lu et al. (2021)

Needham et al. (2004)
Price-Christenson et al. 

(2020)
Sierra et al. (2014)

2 C stabilisation Earthworm 
casts

Biophysical stabilisation:

– earthworm casting stabilises the organic 
C into soil aggregates

Biochemical stabilisation:

– producing CaCO3 granules from CO2
in the oesophageal calciferous glands 

(certain Lumbricidae species)

– humification of the soil organic matter as 
humus-carbon resistant to microorganism 

decomposition

– cementing agents (polysaccharides, lignin) 
which stabilise the labile forms of C into 

more stabile forms

Alekseeva et al. (2006)
Arai et al. (2018)

Bossuyt et al. (2002)
Canti and Piearce (2003)

Desie et al. (2020)
Fonte and Six (2010)

Ge et al. (2001)
Marashi and Scullion 

(2003)
Neto et al. (2010)

Puche et al. (2022)
Six et al. (2000)

Stevenson (1994)
Thomas et al. (2020)

Wu et al. (2017)

3 C sequestration
Cast 

structural 
stability

Physical sequestration:

the long-term carbon sequestration is 
enhanced by the physical structural 

stability of earthworm casts 
(soil – organic matter aggregation, 

organo-mineral complexes)

Re-absorption processes of C 
in the earthworm gut

Casts hydrophobicity

Alekseeva et al. (2006)
Chen et al. (2021)

Lavelle et al. (1992)
Lubbers et al. (2013)
Nigussie et al. (2017)

Puche et al. (2022)
Sheehy et al. (2019)
Thomas et al. (2020)
Zhang et al. (2013)

4 C immobilisation Earthworm 
casts

Microbial biomass immobilisation of C 
in earthworm casts (microbial hot spots) after 
mineralisation of the labile organic substrates

Cast age: soil organic matter (SOM) is less 
bio-available in the aged casts (fungi-dominated) 

unlike fresh casts (bacteria-dominated)

Aira et al. (2010)
Jouquet et al. (2007)

Wolters and Joergensen 
(1992)

5 C redistribution

Earthworm 
drillosphere

Earthworm- 
bioturbation of soil

earthworm digestive, casting and locomotion 
behaviours redistribute the soil organic 

carbon (SOC)
Sheehy et al. (2019)
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uptake and, respectively, 50% of the P annual plant 
uptake (James 1991), both with implications in the 
nutrient cycle and mineralisation depending on the 
ecosystem characteristics. In terrestrial ecosystems, 
the relations of earthworms with the N cycle via their 
casts should be investigated as a holistic approach 
in the broad sense of the biogeochemical cycles, and 
not only from a chemical viewpoint, because many 
other parameters, such as the physical ones, were 
identified to contribute in N cycle. For example, 
a coarse soil texture could accelerate the denitrifica-
tion rate within anecic earthworm casts (Nieminen 
et al. 2015, Sheehy et al. 2019), thus masking the 
earthworm effect of N mineralisation. An interesting 
finding on N loss in the soil through mineralisation 
as earthworm activity was reported by Bohlen et 
al. (2004) in a north temperate forest from North 
America, where earthworms were responsible for 
forest floor loss and thus suspected for N loss, but 
surprisingly there was found the earthworm role 
in the conservation of N originated from the forest 
floor in the mineral soil and no change in the soil 
total N for a depth of 12 cm, as well as no effect on 
C : N ratio. An earthworm-related factor responsible 
for the total N increase in the soil through casting 
is the diet which determines the final metabolic 
excreta (Padmavathiamma et al. 2008) as urine and 
mucus containing glycoproteic molecules (Morris 
1985, Padmavathiamma et al. 2008, Guhra et al. 
2020) released in soil and casts, and which is closely 
related to the earthworm ecological group (Lemtiri 
et al. 2014). Also, stimulating agents of N fixation 
(like gut mucus) could be involved in Lee (1985).

The earthworm contribution to the N cycle is pH 
dependent. In nitrate formation from ammonium, 
the increase of pH becomes an important factor, 
especially if it is associated with the increase of 
soil macropores through earthworm activity, as 
precursor conditions of aerobiosis for the nitrify-
ing bacteria, responsible for nitrate production, 
and this has great importance in the distribution of 
the different forms of N with different leachability, 
across soil layers, as earthworm influence, because 
the nitrate is more leachable than ammonium and 
because the distribution of the nitrate and ammo-
nium in the mineral and organic fractions of the 
soil is earthworm mediated (Qiu and Turner 2017, 
Ferlian et al. 2020).

The direct relation between N and pH and also 
between Ca and pH in the soil in earthworm pres-
ence was found by Salmon (2001) and García-
Montero et al. (2013), and it results in a pH increase 
of the acidic soils through earthworm secretions 
containing N and CaCO3 substances. But before 
this secretion mechanism is manifested in this 
way at the soil level, the intestinal secretions of 
earthworms rich in N alongside CaCO3 secretion 
of the lumbricid species, both pH modulators, 
accomplish an important another role in the diges-
tive tract of earthworms firstly (Lu et al. 2021) and 
offer a selective environment for specific bacteria 
targeting thus certain species to reproduce and 
to be excreted in casts in the surrounding soil, 
creating thereby a microecological environment, 
and resulting thus the major cause of earthworms’ 
contribution in the ecological cycle of the nutrients.

No. Process Mediator factor Determinant factors Source

6 C augmentation Cast ageing C content increases along cast ageing due to 
CO2 fixation microbiologically mediated Decaens et al. (1999)

7 C labilisation Earthworm digestive 
physiology: gut mucus

Earthworm mucus rich in labile 
C compounds Eisenhauer (2010)

8 C emission

Earthworm digestive 
physiology and ecology

Earthworm burrowing 
and casting behaviour

CO2 emissions through SOM decomposition 
after gut transit

Earthworm burrowing and casting facilitate 
the greenhouse gasses escape from soil into 

the atmosphere

Knowles et al. (2016)
Lubbers et al. (2013)
Namoi et al. (2019)
Puche et al. (2022)

Rizhiya et al. (2007)
Santos et al. (2021)

Thomas et al. (2020)

Continued Table 2. Carbon (C) transformations related to earthworm-casting processes
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Table 3 presents the N transformations determined 
by the earthworm casting activity related to substrate 
type and earthworm species, and feeding ecology.

Phosphorus in earthworm casts

While the dynamic of soil N within ecosystems is 
regulated mainly through biological activities, the 
soil phosphorus is regulated mainly through physical 
processes (Li et al. 2019, Yang et al. 2019), such strong 
adsorption to the mineral phase of soil (Suarez et al. 
2004, Vos et al. 2019), soil temperature (Yang et al. 
2019), and in the smaller measure through biological 
mechanisms like protons release into the rhizosphere 
by plants and microorganisms with great potential 
to solubilise P and reduce P limitations, which is 
a pH-dependent mechanism, more efficient in the 
acid soils (Pingree et al. 2017, Zurovec et al. 2021). 
Indirectly, climatic warming through soil warming, 
which increases enzymatic microbiological activity 
and accelerate mineralisation, can affect the P dy-
namic in soil (Zucarrini et al. 2020). Available P and 
pH are key factors that influence the structure and 
diversity of bacterial communities (Lu et al. 2021).

Several studies indicated that earthworm casts 
have significantly higher pH than the bulk soil re-
gardless of their feeding and burrowing ecology 
(epigeic, endogeic, anecic) (Vos et al. 2019), which 
determines the increase of the phytoavailable P in 
casts. The mineralisation of P is stimulated through 
the microbial community from the earthworm gut 
(Lopez-Hernandez et al. 1993) and occurs in casts. 
Other studies show no differences between species 
in earthworm casts for pH and total reversibly ad-
sorbed P (Vos et al. 2019) but indicate significant 
differences within species for the plant available P 
(Bohlen et al. 2004, Vos et al. 2019), suggesting the 
composition and distribution of earthworm species 
as the main regulators of plant available P. Other 
factors, like the land use history and the phase of 
ecological succession, are the main determinants in 
the P cycle because of the changes induced in the 
earthworm functional ecological groups dominating 
an area (Suarez et al. 2004).

Other studies showed bio-mediated mechanisms 
to be involved in the P phytoavailability in soil: the 
microbiological (bacterial and fungal) releasing 
(Basilio et al. 2022) and earthworm releasing (Liu 
et al. 2021), with important contribution since the 
easily plant-available forms of P in soil (mainly or-
thophosphates – Hawkesford et al. 2012) are limited 

(Morel et al. 2000, Vos et al. 2019). The bacteria and 
fungi directly mediate the increase of plant available 
P in soil by producing organic acids and phosphatases 
and indirectly by inducing phytohormones secretion 
(Basilio et al. 2022).

Several mechanisms involved in the P cycle are 
earthworm-related: release of the plant easily avail-
able P from inorganic sources through earthworm 
contribution to plant root development and mycor-
rhizas enhancement (Meng et al. 2022); enzymatic 
hydrolysis of organic P into labile forms as a result of 
the earthworm digestive processes and of the casting 
activity which enhances and diversify the associated 
microbiome involved in the enzymatic mechanisms 
(Kohler et al. 2018, Meeds et al. 2021); proton ex-
cretion through plant roots and microorganisms, 
which creates appropriate conditions to solubilise 
the inorganic forms of P (Pingree et al. 2017).

Earthworms increase the bioavailability of P in soil 
(Pingree et al. 2017) by increasing the functional 
diversity of soil biota (Shu et al. 2022) and improving 
and regulating the enzymatic activity of soil (Zuccarini 
et al. 2020, Li et al. 2022, Shu et al. 2022), and also by 
enhancing the plant growth-promoting rhizobacteria 
in soil (Wu et al. 2012). This last contribution of 
earthworms has been demonstrated in a laboratory 
experiment by studying the concentrations of bioavail-
able P in earthworm casts after single (earthworms) 
and dual (earthworms and phosphate-solubilising 
bacteria Bacillus megaterium HKP-1) inoculation 
in the experimental soil. The results showed that 
in the earthworm casts significantly increased the 
abundance of these bacteria after a short (0–34 h) 
period of incubation and the concentrations of bio-
available P, with significantly higher concentrations 
for dual inoculation than for the single, explained 
through the synergic effect determined by the in-
creased abundance of the phosphate-solubilising 
bacteria and increased activity of acid phosphatase 
determined in earthworm casts after gut transition 
and also by the bacterial addition, which recommends 
the practice of dual inoculation of earthworms and 
phosphate-solubilising bacteria to reduce the agri-
culture dependence for P-mineral fertilisers due to 
the bio-availability of P obtained through this type of 
earthworm contribution (Wu et al. 2012). Earthworms 
can also transform P from inorganic to organic forms 
independently of amendment addition (Nahidan and 
Ghasemzadeh 2022), thus contributing to P turnover 
in soil. There was also found a reduction of the total 
P in topsoil (12 cm) in earthworm presence when 
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these are invaders and when these are epi-endogeic 
(Suarez et al. 2004), but this fact is compensated by the 
increase of the readily exchangeable and available P 
(resin-P) which partially is fixed as unavailable P, 
namely as NaOH-Po (organic P stored in stable 
organic matter), and another reduced part is lost 
through water leaching. In this case, in the presence 
of epi-endogeic earthworms, the water-leaching of P 
appeared when the labile P was recycled between 
organic and inorganic forms. The P water-leaching 
due to epi-endogeic earthworms is compensated by 
the continuous input of litter from the upper soil lay-
ers and by the bioturbation of the soil organic matter 
(including that from plant-root source) caused by 
ingestion and cast excretion at the topsoil level, and 
also by the structural changes in the topsoil struc-
ture determined by their feeding and locomotion 
behaviours, putting this way the soil particles and the 
comminuted organic matter in closer contact to the 
soil microbiota involved in P cycle, which means that 
the P leaching in soil depends both on the ecological 
group of earthworms and microbial availability. The 
increase of plant-available P of soil in epi-endogeic 
earthworm presence could also be explained through 
the earthworm’s capability to increase the amount 
of readily exchangeable P in soil by influencing the 
exchange complexes of soil colloids (Suarez et al. 
2004). But, when the earthworms were invaders but 
anecic, the amount of total P, unavailable and oc-
cluded inorganic P in the topsoil increased because 
the anecic earthworms are deep vertical burrowers 
of the soil and thus mobilise unweathered particles 
of the soil from depth to surface, making them more 
microbiologically-available and increasing thus the 
amount of total P at this level. Still, the NaOH-Po 
decreased, probably because the NaOH-Po amount 
was found to be correlated to the amount of water-
stable soil aggregates produced by earthworm casting, 
which is lower in the anecic earthworms than in the 
epi-endogeic species (Flegel et al. 1998). This shifting 
between P fractions in the soil in earthworm pres-
ence shows that the earthworm-recycling between 
the organic and inorganic forms of labile P depends 
on the ecological group of earthworm.

Earthworm activity increases and diversifies the 
bioavailability of inorganic P (Pingree et al. 2017) 
when associated with other interactive factors (like 
charcoal in andisols of northern sub-boreal forests) 
even in conditions known to be unfavourable for P 
availability, like a low pH and highly limited post-
fire soil environment specific to volcanic ash soils 

ecosystem. In earthworm presence, the P was found 
to be fixed in Fe and Al hydroxides in the mineral 
soil as inorganic P or found as P stored in the stable 
organic matter, such NaOH-Po fraction (Suarez et 
al. 2004).

The ecological group of the earthworms is a factor 
associated as well with another effect of earthworms 
on the P cycle: several studies found that the epi-
endogeic species are more efficient in the stimula-
tion and increase of the P cycle in soil because they 
produce casts richer in exchangeable P than the 
anecic species, especially when this species ability 
is associated with the capacity to form water-stable 
aggregates and with the burrowing activity which 
can favour the P mineralisation (Suarez et al. 2004). 
The anecic species, known for their deep burrowing, 
are susceptible to bringing in the top layers of the 
soil materials from the deeper layers rich in Al and 
Fe hydroxides responsible for the P fixation as an 
inorganic fraction, balancing thus the P forms in soil 
due to earthworm activity (Suarez et al. 2004). The 
leaching of P was rarely reported in epigeic species 
(like Dendrobaena octaedra) (Scheu and Parkinson 
1994a,b), suggesting rather that this effect remains 
largely an effect of soil mixing and microbial activ-
ity earthworm-related and also of the earthworm 
increasing of preferential flow out through burrowing 
than the result of the feeding ecology of this group 
(Suarez et al. 2004).

A great contribution of earthworms in P cycling 
was found to be plant related and dependent on the 
ecological feeding group of earthworms by Bohlen et 
al. (2004) within an experiment indicating a higher 
root uptake of P by plants in the presence of epigeic 
earthworms and its accumulation in leaves and thus 
the linking role of earthworms in P cycle in the rela-
tion soil-plant. Also, the geophageous earthworms 
were found to indirectly influence the solubility of 
P through their casting, which increases the net 
nitrification rates (Vitousek et al. 2010, Kawakami 
and Makoto 2017). 

In soil, the plant available P and the total P have 
been found to be significantly positively correlated to 
the organic C in other studies (Shah et al. 2019), the 
organic P and the inorganic P have been found to be 
dependent on N fixing (Aleixo et al. 2020). Also, the 
plant available N and P are C-cycle related because 
they regulate the C productivity and sequestration 
(Tang et al. 2018). The relation between N and P in 
soil was demonstrated by Li et al. (2021) and Standish 
et al. (2022) in studies about the influence of N avail-
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ability on P acquisition in soil which revealed that 
the determining mechanisms of this relation are 
biologically mediated: by phosphatase activity (Li 
et al. 2021) and mycorrhizal fungal colonisation (Li 
et al. 2021, Standish et al. 2022), which is suspected 
by several authors (Png et al. 2017) to be a philoge-
netically competitive adaption in balancing the N 
and P pools of soil. 

Potassium in earthworm casts

Although potassium is present in the soil in available 
forms, it is also present in forms hardly available for 
plants, such as silicates (K-feldspar, quartz) (Suzuki et 
al. 2003, Liu et al. 2011, 2016) or in non-exchangeable 
pools (Basker et al. 1994), but earthworms can in-
crease its release from these hardly available forms due 
to the microbiological processes enhanced in their gut 
after what these minerals passed through earthworm 
digestion and which are measurable both in the gut 
and casts as higher bacterial diversity and modified 
taxa distribution than in the surrounding substrate, 
that regulate the pH values and produce enzymes or 
organic ligands (Basker et al. 1994, Carpenter et al. 
2007) determining a direct decomposition and thus 
a biochemical mineral weathering and an accelera-
tion of the mineral degradation, in forms of, among 
other elements (Fe, Al, Ca), more water-soluble K and 
HNO3-extractable K in casts than in the surround-
ing substrate. The biochemical mineral weathering 
microbially mediated by earthworms is also sup-
ported by the mechanical grinding and peristaltic 
movements of the gizzard and gut on food (Needham 
et al. 2004). The mineral weathering determined 
by earthworms’ gut microbiota has occurred even 
after one day after the mineral fed with K-feldspar 
or quartz, in the forms of finer and rounded mineral 
grains in earthworm casts as compared to the initial 
mineral food (Suzuki et al. 2003), which demonstrate 
that earthworms are able to breakdown mineral grains 
and not just be selective when they choose to ingest 
finer particles of minerals from those existing in 
the food substrate. Earthworms’ implications in the 
potassium cycle were generally related to the same 
factors as in N or P cycles: the microbial community 
of soils, the physical and chemical characteristics of 
soil, the physiological and ecological characteristics 
of earthworms and the ecosystem type. The presence 
by addition of earthworms in soil showed that the 
ecological type of feeding matters and significantly 
increased the available potassium of the soil in the 

rhizosphere zone and optimised the bacterial com-
munity as structure, diversity, and beneficial taxa, 
whose presence was positively correlated to the 
potassium content of the soil, contributing thus to 
increase the effectiveness of K in soil (Lu et al. 2021). 
Earthworms are able to K biotransformation, acti-
vating the mineral or organic K and transforming it 
into rapidly available K and effective K in casts after 
the feeding, digestion and absorption processes, 
which could be a solution for K release in the low-
potassium substrates to be used by plants (Zhu et 
al. 2013). Thus, the importance of earthworms in 
K cycles in the soil becomes essential for plants as 
another biological way for this purpose alongside the 
already known contribution of soil microorganisms 
(Das et al. 2022) because the soil is the main source 
of potassium for plants, and this nutrient is scarce 
in many soils of the world (Rengel and Damon 2008), 
especially as plant-available form (Zorb et al. 2014). 
The main physiological characteristic of earthworms 
in K enrichment in soil is the digestive transit with 
all its associated processes, especially the modifica-
tions induced in the structure and functions of the 
bacterial community of cast releasing (Wang et al. 
2021b), regulating this way the nutrients cycle in 
the terrestrial ecosystems. A great contribution of 
earthworms through their casts to the K cycle is the 
shifting made between K pools of the soil: the K release 
from the non-exchangeable pool into exchangeable 
K (Basker et al. 1994). Several factors were found 
to influence the K availability in earthworm casts: 
the content of exchangeable K of the adjacent soil 
(Basker et al. 1994) and the vegetal contribution of 
K – the lower K content of plant debris than the 
soil content and it is weak bound in plant material 
and generally in organic matter as compared to N 
and P (Basker et al. 1992). However, several studies 
reported that certain earthworm species could have 
biological regulation of K through their metabolism 
(Mohammed and Rida 1995, Wu et al. 2012, Zhu et 
al. 2013), and these species succeeded in avoiding 
limiting factors of K availability.

Calcium in earthworm casts

Several studies indicated the implications of Ca 
in earthworms’ contribution to the biogeochemical 
cycles. 

Generally, earthworm casts are rich in Ca2+ 

(Jouquet et al. 2008), and several studies indicated 
that the divalent Ca2+ present in the casts increases 

260

Review	 Plant, Soil and Environment, 69, 2023 (6): 247–268

https://doi.org/10.17221/461/2022-PSE



the electrostatic binding between casts particles (Six 
et al. 2004, Oyedele et al. 2006, Jouquet et al. 2008, 
Thomas et al. 2020) resulting thus their higher stabil-
ity through particle cohesion, and also regulate the 
linkage of organic matter to phosphorous and carbon 
(Shipitalo and Protz 1989). Earthworms (lumbricid 
earthworms) are Ca contributors in soil due to their 
biological characteristics – the calciferous glands, 
located in the oesophagus, which produce from CO2 
after several chemical transformations (Gago-Duport 
et al. 2008), a final stabilised compound, the calcite 
(CaCO3) (Robertson 1936, Briones et al. 2008), which, 
together with small amounts of amorphous calcium 
carbonate, vaterite and aragonite (Gago Duport et al. 
2008, Beck and Andreassen 2010, Brinza et al. 2014), 
will form spherulites with long-term stability achieved 
by amino acids or protein incorporation (Versteegh 
et al. 2014, Hodson et al. 2015), eliminated in casts. 
Thus, it results that earthworm granules of calcite 
are real long-time carbon sinks, especially because 
of their biogenic formation, being known that the 
abiogenic CaCO3 is highly unstable and rapidly, 
within minutes, reaches transformations (Faatz et al. 
2004, Rodriguez-Blanco et al. 2011, Bots et al. 2012) 
and it has a short life span in the inorganic systems 
(Hodson et al. 2015). Several calculations showed 
a contribution of earthworm casts to the C pool of soils 
through CaCO3 production in calciferous glands up to 
261 kg C/ha/year in some species (Versteegh et al. 
2014) noted as significant (Briones et al. 2008, Thomas 
et al. 2020) mechanism of inorganic C stocking in soils, 
by fixing the environmental and metabolic CO2, and 
therefore an important argument in characterising 
lumbricid earthworms as C sequesters on long-term 
through their casts, and not just organisms with an 
interesting way to physiologically regulate the CO2 
into their body. The contributions of CaCO3 from 
earthworm casts in the soil ecosystem are even more 
consistent because it is involved in the cementation 
and stabilisation of the organic matter after diges-
tion, as Rowley et al. (2018) found. 

Other studies reported the contribution of earth-
worm granules of amorphous calcium carbonate in 
regulating the soil pH and the pH of earthworms’ 
tissue fluid, acting as a buffer excretion because it 
precipitates when the ions of HCO3

– are in excess 
(Hodson et al. 2015). The Ca content in earthworms 
was found to act as a neutraliser of body liquids 
(Nowak 1995), and its value depends on the soil pH: 
it increases in acid habitats. It remains unchanged 
or decreases in alkaline habitats. The soil pH is also 

one of the main factors controlling the availability 
of other soil nutrients, such as N, P, and K (Desie et 
al. 2020, Xu and Zhang 2021, Zurovec et al. 2021). 
It is not yet clear if the secretion Ca-rich of calcifer-
ous glands depends on the earthworm diet or if it is 
an earthworm-intrinsic biomineralisation process 
(Gago-Duport et al. 2008).

The earthworm cast composition in main nutrients 
(organic carbon, nitrogen, phosphorus, potassium, 
calcium) with complexity of their chemical interac-
tions shows that earthworms create through their 
casts new relations in the ecosystem and accomplish 
a very complex function of the ecosystem: the bio-
geochemical cycles, which recommend earthworms’ 
casts to be included as an indicator in the integrative 
conservation management of the ecosystems, as a re-
thinking of the concept of ecosystem sustainability.
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