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Soil health is intimately intertwined with ecosystem services. Climate change negatively impacts ecosystem
functioning, by altering carbon and nitrogen biogeochemical cycles and shifting nutrient bioavailability, thus
hampering food production and exacerbating biodiversity loss. Soil ecosystem services are provided by
belowground biota, and as the most abundant metazoans on Earth, nematodes are key elements of soil food webs

and reliable bioindicators of soil health.
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| 1. Introduction

Soil is a complex system and a crucial component of sustainability [I. Soil health is broadly defined as “the
capacity of soil to function as a vital living system, within ecosystem and land-use boundaries, to sustain plant and
animal productivity, maintain or enhance water and air quality, and promote plant and animal health” [2. In other
words, the concept highlights the ability of soil to perform important agricultural and ecological functions, including
productivity, adaptability to management and inputs, and resilience against biotic and abiotic stressors. It must also
exhibit robust resistance to degradation processes and the ability to rebound from disturbances due to its inherent
resilience, defined by Holling as “a measure of the persistence of systems and of their ability to absorb change and
disturbance and still maintain the same relationships between populations or state variables” B4, Logically, soil
health and ecosystem services are intimately intertwined. Ecosystem services encompass a wide range of benefits
obtained from ecosystems, including (i) provisioning services (e.g., food and water), (ii) regulating services (e.g.,
natural disaster regulation, pest and pathogen control, and soil conservation), (iii) supporting services (e.g., nutrient
cycling and pedogenesis), and (iv) cultural services (e.g., spiritual and recreational benefits) (2. Soil is responsible
for net primary production, it sustains plant and animal life, promotes water quality regulation, remediates pollution,
intervenes in nutrient cycling, while providing physical stability and support B, Furthermore, it enhances the
environment overall, by moderating climate at local, regional, and global scales 8. In order to support
sustainability, managing soil health must take into account that (i) improving multiple soil ecosystem services
requires a multifunctional approach; (ii) enhancing one soil service can have favorable effects on some services
but unfavorable outcomes on others; (iii) soil health management must ensure the long-term sustainability of soll

services 2,
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Climate change has a direct impact on the biological, chemical, and physical properties of soil, as it leads to shifts
in temperature regimes and precipitation patterns 11 Consequently, carbon (C), nitrogen (N), and hydrology
cycles are likely to suffer the backlash (1%, and the presence of multiple environmental stressors caused by human
footprint were found to hamper soil ecosystem services across biomes 2. Semiarid tropical regions of the world
are particularly vulnerable, and with soils acting as important C reservoirs, a severe depletion of organic C will
inevitably affect soil health 19, Moreover, the decomposition of soil organic matter is thermosensitive 13124l and
climate change could lead to organic C-exhausted soils in response to altered C and N biogeochemical cycles and

shifts in nutrient bioavailability, further exacerbating biodiversity loss 19,

Nematodes are part of the soil microfauna and represent approximately 80% of all multicellular animals of the
terrestrial biosphere [EI13 They are highly adaptable and successful animals, having colonized nearly all
ecosystems on the planet 28IIL718] According to their feeding habits, soil-dwelling nematodes can be assigned to
one of five trophic groups: bacterivores, fungivores, herbivores, omnivores, and predators (12, Nematode families
and genera have been classified into a colonizer—persister scale (c-p), and given a rating from 1 to 5, indicative of
their life strategy 29. The c-p 1 group is made up of colonizers (r-strategists) like opportunistic bacterial feeders
that rapidly increase in numbers under favorable conditions, exhibiting a short life cycle, high colonization ability,
and tolerance to disturbance 29. On the other hand, the c-p 5 group consists of persisters (K-strategists), such as
some herbivores, omnivores, and predators, with a low reproduction rate, long life cycle, low colonization ability,
and high sensitivity to disturbance 29, Due to their rapid and taxon-specific response to environmental changes,
nematodes are valuable bioindicators (21221, Nematofauna diversity is largely influenced by factors such as soil
texture, soil moisture, and food availability (211, However, the response of nematodes to environmental stress varies
among trophic groups, with those having shorter generation times and/or high fecundity showing a positive
response, while those with longer generation times and/or lower fecundity being more sensitive 2311241 Free-living
nematodes (bacterivores, fungivores, omnivores, and predators), widely referred to as beneficial nematodes,
outnumber herbivores in terms of abundance and diversity, and they play critical roles in ecosystem functioning,
occupying key ecological niches in belowground food webs, and are involved in C sequestration, energy transfer,
and nutrient mineralization, increasing their availability to plants and, thus, improving soil fertility [221[2611271[28] ' g
nematodes directly or indirectly contribute to (i) human well-being, by driving key processes to food production; (ii)
climate regulation, by intervening in the short and long-term fluxes and flows of C in and out of soils; and (iii)
support terrestrial life and diversity, through processes like decomposition, nutrient cycling, and regulation of pests
and pathogens (Figure 1) (22, Healthy soils typically have a high abundance and diversity of free-living nematodes
in complex food webs with long chains and feedback loops, and a low proportion of herbivores 238931l |ndeed, a
nematode community analysis can provide invaluable information on the status of soils: (i) a high ratio of bacterial-
to fungal-feeding nematodes indicates that organic matter is predominantly decomposed by bacteria and that rapid
nutrient cycling is occurring; (ii) a predominance of fungivores indicates that nutrient cycling is relatively slow, as
the decomposition channel is dominated by fungi; (iii) low population densities of omnivores and predators suggest
disturbance, such as excessive fertilizer inputs, tillage, or the presence of pollutants; (iv) high numbers of
omnivores and predators indicate that the system is biologically complex and resilient, and has some natural ability

to suppress plant-parasitic nematodes and other soil-borne pathogens B2, In agricultural systems, plant-parasitic
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nematodes are problematic, but in a broader ecological context, they are fundamental in shaping aboveground
vegetation communities and contributors to plant performance in natural ecosystems by plant—soil feedbacks 32!
(341 Upon feeding on their hosts, herbivorous nematodes alter root exudation patterns, and indirectly modify the
rhizobiome (the microbial diversity attached to and influenced by roots), thus curbing nutrient availability to plants,
especially of N and phosphorous (P), and contributing to plant community dynamics 2935186 On the other hand,
while the contributions of beneficial nematodes to plant performance remain largely unknown, they can have
positive effects on plants by stimulating microbe-induced C sequestration, and keeping pests and pathogens at bay
(371 Nematodes are aguatic animals that require water to move, feed, and reproduce, and climate extremes are
anticipated to shift the structure of nematode communities and their roles in ecosystems 81391149 However, the
impacts of climate change on nematode abundance and functional groups have not been consensual, displaying

significant variation across different studies [411[421[43][44][45]

Organic and @ Climate regulation
inorganic fertilizers Nematodes intervene in short
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Figure 1. lllustrative representation of the main ecosystem services provided by soil-dwelling nematodes.

| 2. Nematode Community Dynamics under Climate Change

A demographic explosion is driving unprecedented food demand and pushing natural ecosystems to fragmentation.
The effects of anthropogenic activities in natural systems are known to reduce aboveground biodiversity, hindering
ecosystem services and, consequently, their contributions to human well-being 28 but data of such impacts on

belowground taxa are scarce, perhaps because they are difficult to assess. Nevertheless, nematode community
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structure is a fast and reliable predictor of ecological disturbance, giving us insights into the status of the whole

system.

2.1. Temperature

The soil nematode community structure seems to be particularly susceptible to warming, favoring some groups in
detriment of others, but these negative effects can be limited by aboveground vegetation that counters them to
some extent. Both parameters also affect vegetation, with an anticipated indirect effect on nematode communities
(471 although these confounding effects are not assessed here. The main effects of increasing temperature on

nematode communities are summarized in Table 1.

Table 1. Effect of increasing temperature on soil nematode communities.

Factor Effects on Soil Nematodes Reference
Reduction in nematode diversity and genera richness (48]
High
temperature

Reduction in herbivores, with a short-term decrease in bacterivores and fungivores [49]

who recover over time, and relative tolerance of omnivores—predators

2.2. Water Stress

Drou!ght is a key limitation of soil nematode abundance, even in the short term, and has persistent effects.

Be% W&&E?ﬁe soil nematode community structure recovers gradually as precipitation increases, even though

eEtRARIES CSTeSEr@Ae RO NBRARISHIEIY; 3NIPURLY, {RIARIPYoA0N S8k ey alfieeso st RIrqatly fragile
SYSIRERraRSIpRNERTERERIBPISHRSS SBHNEDHPYE Lo TN #Rg are summarized in Table 2.

2. Doran, J.W.; Zeiss, WaRe SOk dealth aasSusainailinMara@nehs Biric Component of Soil
Quality. Appl. Soil. Ecol. 2000, 15, 3-11.

Factor(s) Effects on Soil Nematodes Reference ..
Singh,
24,
Long-term Decline in total nematode abundance due to predation pressure, and increase [50]
increase in in nematode abundance
4, 1-23.
mean annual
High proportion of plant-parasitic nematodes (1]

precipitation

Decrease in free-living nematode diversity and evenness g.
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Factor(s) Effects on Soil Nematodes Referenced.
.629—
Reduction in total nematode abundance, and decrease in relative abundance of
bacterivores, fungivores, and predators; relative abundance of herbivores (3]
unaffected )
Water scarcity

Lower bacterivore and fungivore abundance, marginal increase in omnivores scts of

and decrease in fungivores, higher maturity and structure index, and lower (54]

prey:predator ratio
1 “limate

Change. In Climate Change and Soll Interactions; Prasad, M.N.V., PietrzyKowskl, M., Eds.;
Elsevier: Amsterdam, The Netherlands, 2020; pp. 751-767. ISBN 978-0-12-818032-7.

1%'.3|'r,p§l?ﬁj, H,Ssandey, V.; Ranjan, M.R. Climate Change and Its Impact on Soil Properties. In
Climate (ﬁhangre apd the Microbiolg]‘ne; Chou_dharfy, D.K., Mishra, A., Varma, A., Eds.; \?prin er:
th a ticular e conver C ICal

Land use, wi p emphasis on t sion of’conventional agriculture to agroecolog practices, can

hav%hp% c’n%m‘gltezf%é%nghzs%l 1r;1eYrc1)€!1ltJo g ggr’n u'ngfi%g,_ %ﬁlléﬁtﬁg 317e:8i_r:r))1b%§tgﬁ7c280f35§bve- and belowground

To@RkigtWte witiasiaoher etheijdemeMaG sfiesBebyugesdivirgitsoY. Bod Rietd o ahip@aing - et aracial. ;elbtesenon
fundiioréenazakén ; tRynherothe. ;abedersso|tt. sUdglgadmd agteozogdviicl nieeasag thaevidighleecll effects of
clinBitee spargy R edooeinpaid Housyste miseavidestéMoitid\aidi nivgt.idlawude hsegr@ 028 fddidhg8eddIs to

PIeEive MRS B SN PR S SRR D SURIS IS EhSsTEin BlevR LA e o
ner&?@ﬁe§w;n8Pa'fr'glsnfg?él.ﬁ?mgzp?gr'lg,Tﬁmf. ;Sét al. Temperature and Soil Organic Matter

Decompositon Ralgs,- Syjinests GhGUTISRN IS5, 3004 B Fonyafd, Glob- Chang. Biol
2011, 17, 3392-3404.

1 Factor(s) Effects on Soil Nematodes Referencess_O|(d

Intensive land ) ) . ) [55]
Increase in bacterivores, fungivores, and herbivores y
use

: Lower biodiversity and C/N ratios in cultivated soils, resulting in a reduction in
- nematode abundance and diversity; increase in abundance of trophic groups, [56] ttion
ol type . . . R
total abundance, and diversity of nematodes in soils with higher pH and C and N
contents

1 /een

Land use Negative impacts on soil taxa across a large spatial scale, but agronomic
1 . g .P.. e . ge sp ..9. 57] 14, 24—

conversion practices limit the climatic constraints on belowground biodiversity

19. Yeates, G.W.; Bongers, T.; De Goede, R.G.; Freckman, D.W.; Georgieva, S.S. Feeding Habits in
Soil Nematode Families and Genera-an Outline for Soil Ecologists. J. Nematol. 1993, 25, 315—
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N)

N)

(%)

(@8]

(98]

Factor(s)

Monoculture

Monoculture,
tillage, and

manure

Vegetation
succession

Livestock

grazing

Land

degradation

Intensive land

use

Plant resource-

use strategies

Agricultural

practices

Effects on Soil Nematodes

Increase in fungivores, and decrease in bacterivores, herbivores, and omnivores—

predators

Increase in bacterivores and fungivores, and decrease in omnivores—predators

Positive effect on nematode abundance, diversity, complexity of community

structure, and diversity-weighted abundance

Decline in bacterivores, herbivores, and omnivores—predators abundance, lower

total nematode abundance, and no detrimental effect on fungivore abundance

Lower nematode trophic diversity

Generalists equally abundant in all ecosystems, with specialists dominating
agricultural landscapes and less abundant in low disturbed soils; highest richness
and diversity in grasslands and dairy farms, with low abundances in shrubland—

woodland habitats

Plants with acquisitive strategies promoted nematode abundance, but fewer
opportunistic nematodes in the rhizosphere of acquisitive plants compared to

conservative plants

(i) Conventional practices decrease abundance, trophic structure, and taxonomic
richness of nematode communities; (ii) agroecological practices enhance the
functional and taxonomic diversity of nematodes: total nematode abundance and
absolute abundance of fungivores, herbivores, and omnivores—predators;
reduction in herbivore abundance in crop rotation; increase in omnivores—
predators in cover crops; increase in bacterivores and fungivores in organic
fertilization; reduction in nematode abundance and food web structure in

monoculture and pesticide application, while copiotrophic nematodes are favored

Reference

58]

[60]

[62]

63]

[64]

[65]

ed on

1. 1999,

til. Soils

xtension

vore
25, 19—

Goede,

xa

01, 33,

into the

natodes
=ds.;

TN T IUUTI U U 1oy VTSI IU e Wy IVIVIWAME Wy LS UITTICT IS 2 1T IVINUT TN T Yl by /U ULy g o |vuvvu\j,/\.,

Oktaba, L.; Filser, J.; Kindimann, P.; et al. Global Distribution of Soil Fauna Functional Groups and
Their Estimated Litter Consumption across Biomes. Sci. Rep. 2022, 12, 17362.
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(@8]

Factor(s) Effects on Soil Nematodes References.

3
~ Spatial distance

and . . . .
Plant type altered B-diversity of nematodes; spatial turnover was the primary [66]
2 . process driving total B-diversity of the nematode community 5 and
environmental
filtering
2 e. New.
Vegetation
2 restoration with e
Strong effects on soil nematodes observed under low degradation [67]
varying degrees
of degradation
3 il
- Increase in abundance of soil nematodes, along with the relative abundance of
rop-tree _ _ ] _ ] _
S herbivores in all systems; increase in proportion of stress-tolerant enrichment and [68] en, S.
inning )
general opportunists todes by
4 Harvest . . : ons on
Legume addition and density were drivers of total nematode abundance,
frequency . . A . . o 26
especially bacterivores, while improving metabolic activities of total nematodes, g <O
bacterivores, and omnivores—predators; positive effects of legume addition
4  andlegume Imong
. subsided after increased harvesting frequency
density 2014,
4 P Plant diversity enhanced the activity of beneficial nematodes; positive effects of d
gricultura . ) o ) )
) nematodes on plant growth and function associated with higher values in soil pH (2] ssland
practices 3

and cation contents

44, Blankinsrip, J.C.; NIKlaus, F.A.;, Aulngdle, b.A. A IVield-Allalysis Ol ReESPOIIses 01 S0l blowa to
Global Change. Oecologia 2011, 165, 553-565.

45. Cesarz, S.; Reich, P.B.; Scheu, S.; Ruess, L.; Schaefer, M.; Eisenhauer, N. Nematode Functional

zfﬂﬂirﬂ%@ﬁﬁ&%‘é‘% Reflect Shifts in Soil Food Webs and Processes in Response to
Interacting Global Change Factors. Pedobiologia 2015, 58, 23-32.

ABSWEHEY RO (RSN MENSE SElRSiBATE LM Lrad i RIBHIRH! KR e S B % B 5 BRlfiRg ol

food webs with fewer omnivores—predators and more herbivores and bacterivores, impairing ecosystem functions.

46n @1% Qt‘ﬂ)éphgfn@ 'bﬁ%ﬂ@ﬁ%ﬁ&?ﬂ&tg éa%ﬂc'?é‘ggé%nqa;t(%%rﬁﬂgﬁy Fal;\cY %qul%EEP é‘%ﬂe%rﬂrgﬁlﬂ%sfer in
the SHEEIRS AHRSIEK BRABR"SthuRISeLH QT EYSe N LB RMGbAVE S QU NRREIRAESID HErmatVe e
neM%@eQB?ﬂﬁ&Q@%e%&&séztg_Q%nt guantities and balance in soils. Global change has been promoting the

deposition of N and other nutrients to both agricultural and natural ecosystems, mostly accompanying urbanization.
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4hivVanmgbihed lyiM .th2hamnigipXted_depketda, df P Shiyoligwride tdrrd3aia) EcoSysangesniaySil thie haddocke of soil
food\behslandagmdvaerapasitocoudidenHevafechbng RanopyeWiresuigdixy eadriten Fiaddytifdel didRtaititn)
dueSoitliz(id eddGs 443N, effects of nutrient enrichment on nematode communities are summarized in Table

4‘5. Liu, Y.; Wang, W.; Liu, P.; Zhou, H.; Chen, Z.; Suonan, J. Plant-Soil Mediated Effects of Long-

Term Warming o Gl Nt NP MSRIPAR. D 05 U8B Tsiap Plateau. Biology

E Factor(s) Effects on Soil Nematodes Reference A
t
] . N Plant removal dwindled nematode taxon richness and abundance of 2883—
ong-term ] ) _ _
. bacterivores and herbivores; the abundance of fungivores and omnivores— (4]
enrichment ) N
predators increased under the same conditions
5 M.;
n the
Greater nematode abundance in fertilized plots, while richness, diversity, and
Long-term N ) ) ) ) ) — 03-
M ecological maturity were lower; enriched food web mostly driven by bacterivores [z2]
ertilization
and herbivores, with persisting effects overtime
<
High N Decrease in most nematode trophic groups and community diversity under 73]
deposition understory addition of N compared to canopy addition of N
£
Short-term N and and after
P
Nematode variables, including community structure, were largely unaffected b ,
5 .g _ Y _ .”g,y / (4l i6mez-
enrichment under short-term nutrient enrichment under soil acidification )
infall
soil acidification
£ Ice
Long-term
o organic Positive effect on the abundance of most functional guilds by organic Soi
3 ol
amendments amendments, which enhanced the energy transfer among nematode [75]
communities, while increasing the relative allocation of energy flux to
5 and mineral bacterivores and fungivores and decreasing the relative allocation to herbivores Slimate
fertilization ol.
i . . : . . . i [76]
g Liming, P, and P input significantly increased nematode diversity and genera; bacterivores and 25 and
zinc inputs herbivores were the most abundant trophic groups, and predators the least s

59. Yogaswara, D.A.; Kasmara, H.; Hermawan, W. Using Nematode Community to Evaluate Banana
Soil Food Web in Mekargalih, Cianjur, West Java. Pertanika J. Trop. Agric. Sci. 2021, 44, 465—
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Factor(s) Effects on Soil Nematodes Reference

of Soil

common; nematode biodiversity was unaffected by liming, and nematode
diversity and maturity were reduced in the absence of liming

€ d Webs
and Decouples Their Relationships with Ecosystem Functions in Grasslands. Glob. Chang. Biol.

2.5.0¢ombiked-StPessors

62. Han, X.; Li, Y.; Du, X.; Li, Y.; Wangq, Z.; Jiang, S.; Li, Q. Effect of Grassland Degradation on Soil
In general, fhec?rea_ter the number of disturbances,"whether directly or indirectly caused by human activities, the
Quality and Soil Biotic Community in a Semi-Arid Temperate Steere, Ecol. Process. 2020, 9, 63,
longer the recovery time for the system and the greater the impact on 'soll nematode communities, which

Ghnvazaiies, hejrbersls R GuMankiathalaog\hdrigigatise Mudksehawareritndntdl ieanassdarchigas been
elufiditacis ok ingieasiobekan thitge hoten s m &Gioid ey abedratidnhustutivyands pasiadgtenrLs@ige st
strdngoht@@dPe3Se23m30d them. It is therefore anticipated that a large sampling effort at appropriate scales,

GG, M. G0l oPRRR! 20 (5 eRER RS, SRR IR Ok RIS BN PIVRE KoY
knoWiesior AL SAR BRI RIREHIAS) BANRIS BPYATRIBRISRSSS RSN dh RYRREGHOS I Bligpation. The

co Iigc eerﬁgcéaﬁmufg)ie, T@ag@ on nematode communities is summarized in Table 5.

65. Puissant, J.; VillenaubleG, Eiatsvin nfuligiiaaserd oo sddlanebaide conirapitiésQuantification of the
Global Impact of Agricultural Practices on Soil Nematodes: A Meta-Analysis. Soil. Biol. Biochem.

Factors Effects on Soil Nematodes Reference
. er, TM.;
Soil moisture, P - .
Plant type and water availability had a greater impact on nematode abundance slands
addition, and . . . .
and community composition; drought was detrimental to the total density of [77]
nematodes and functional guilds; bacterivores, herbivores, and omnivores were
€ aboveground o _ o
. significantly more abundant in soils with legumes ren
vegetation
Biotic (microbial
biomass and
1S. For.
competition) Spatial segregation between two competing bacterivore species, with contrasting
and abiotic responses to abiotic factors: one best adapted to high salinity, lower
€ 2 > 2 Y 8l ates the
variables temperatures, and low moisture environments, while the other thrives at higher e
-ure.
temperatures, higher soil moisture, and lower salinity
(moisture,
7 salinity, and Jernard,
elevation) .
‘erial-
Core

Technique. Sustainability 2021, 13, 7181.
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/ Factors
Climatic, soill,
_ and
{
historical
factors
7
Liming
treatments
7
Increasing

7 aridity across

a large spatial

scale

(  Drought and
fertilization

f Elevated CO»
and N,
: warming, and
drought
&
Warming and
precipitation
8

——g~--g-- —=

Effects on Soil Nematodes

Current factors, particularly climate, are more influential than historical factors in

shaping nematode diversity patterns on a broader scale

Interacting nematode and microbial communities minimally impacted by liming,
with an increase in omnivores and predators, who keep bacterivores under

control; stronger interaction in the presence of an abundant microbial community

Decline in total and relative nematode abundance of each functional guild under
increasing aridity; taxonomic richness of total nematode community and
functional guilds decreased under moisture scarcity; at the dry end of the aridity
gradient, richness of bacterivores was higher, while herbivores declined steadily;
richness of fungivores and omnivores—predators remained relatively stable up to

a certain point, before dropping steeply

Drought favored bacterivores and fungivores, and likely had detrimental effects
on higher trophic levels; fertilization caused a prominent increase in bacterivores

and an equally significant drop in fungivores

Increase in nematode density at elevated N and ambient CO», and ambient N

and elevated CO»

Decrease in nematode abundance, especially of bacterivores and herbivores
(with minor effects on fungivores), under artificial warming, but the nematode
community diversity and functions remained stable; decrease in nematode
abundance, especially of bacterivores and omnivores—predators, under reduced
precipitation, with fungivores and herbivores relatively insensitive to water stress;

increase in nematode abundance and community diversity with water availability

—_—y ——y == ——

ReferenceOf

li-arid
urity in a
1, Z.; et

[80]
ices the
3.S.; et

[81]
Nebs.
1Zinc
—71.

sz 2ng, D.;
le
3arrett,
R0le of

[83]
Soil
Evol.
‘obial
1ds.

M
in, X.
. Ecol.

82. Siebert, J.; Sinnemann, M.; Auge, H.; Berger, S.; Cesarz, S.; Ciobanu, M.; Guerrero-Ramirez,
N.R.; Eisenhauer, N. The Effects of Drought and Nutrient Addition on Soil Organisms Vary across
Taxonomic Groups, but Are Constant across Seasons. Sci. Rep. 2019, 9, 639.
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8 Factors Effects on Soil Nematodes Reference/l.; Rich,
vated
Reduced nematode abundance and diversity with increasing altitude, with - 184—
] bacterivores consistently the dominant group; nematode diversity was mostly
Ecological and ) ) ) i [85]
) influenced by temperature and moisture; decrease in nematode abundance with
8 edaphic factors . o . ) ) . . atode
increasing soil acidity; nematode diversity and richness were directly proportional _
to nutrient (N and P) levels , China.
S " Wijaya
N deposition . . - ’
P Reduced nematode abundance and diversity under N addition and reduced water
under reduced . - L , , des.
input; synergistic effects of N addition and reduced water input on soil nematode (86]
- communities at higher trophic levels; sole addition of N was more detrimental to
8 I the nematode community nd
availability
rest.
Returning Nematode diversity was lower in treatments with conventional chemical NPK
é agricultural fertilizers; positive correlation between omnivore—predator abundance and (87]
residues ecosystem multifunctionality and soil fertility 1d

88. Ferris, H. Form and Function: Metabolic Footprints of Nematodes in the Soil Food Web. Eur. J.
Soil. Biol. 2010, 46, 97-104.

T3 Nematode CORtbUTBNYG F6STIT Faifty! e Soi Food Web after Long.
Term Application of Agricultural Management Practices. Soil. Biol. Biochem. 2017, 111, 36—-43.

o ISARSBHIEPHY: PIoRFATLRSIER. 7S SHITNRIHCY MEFENESMESHAN AR FRRALCD A00RHydNRY.;351KiL

Witk S SRIIR Rl BR e oS LA BV Rt ERSS BN SEL IR B TEL Y ol telsgcutis abiliy

of Waég)_dgcfagﬁ}i]% gﬂe}s’ g?é@ifgg?_ecosystem services depends on the soil condition 251 that can be

measured according to their metabolic footprints 88 However, land use (including soil properties), agricultural
M RMIR S FactVB9 % e ARG HSHAER L Rrinfi HAFSHO B REVRLGN: BiadVHSIDERGode
contlfF09'S8 FOYRGRTGHRAMISHEH B! RUF AL THERLR REYrdoke! 48P edbofid Sotrtits,
deadiag Weshite yernsysiGeiROaeSSeall, BrHcenETOR - D ACCOTEHN DN BI0NCOTW BRI/ cRITAREL On
abundamse, B funiieral ONPUFeoRpokitioB ApgEed I Datet ARACANHE DaRhaseatoges Neestiveted to
inha{ti (el prese bAe Fsaribs GHEIEGTOND GoATSTSRsh 196 H01882020: AredBcterivores, 1.25 + 0.114 x 107
herbivores, 0.64 + 0.065 x 10%° fungivores, 0.39 + 0.046 x 10%° omnivores, and 0,20 + 0.031 x 10%° predators,
93. Karuri, H. Nematode Community Structure and Functional Guilds Differ in Tea Fields and Tropical
amounting to an estimated biomass of 0.3 8gatonnes (Gt) and representing 82% of the total human biomass on

Forest. Geoderma 2021, 392, 115006. _ _ _
the planet. Nematodes are especially abundant in regions of the world that are more susceptible to the detrimental

febiang cNmdéactenge, like, Dorddbfordéts\AameyndraVanimng@he lgtowindNerasdades ang e iteBactasaimay
accouay fonpravaltfnsphoroa Acusiven byitiheat biewddhylicds@ 23, plo9mata&86of their metabolic
JBOPHahdS SCSHRAEHEBIEC #13 OSRACIRSRR A RAKTS 7 ¢ SEM S i P IRER ol e

A SRS AR SR R S TSRS RABET RGO D AN PhSLP IS AL PRI SR ake:
Indeed, understanding the susceptibilities and ecological preferences of soil nematodes can help predict changes
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in &027stdM, Srvices. To determine which factors best explain a soil health trait, Martin et al. Bl explored the
JBCEPRERI. SRR Y EHRRAL, B SR ISR B R e R Bt
"85 JLREL RS RITLECEIS for S HRFD AR UGRLaleobls CeOgreter 9859248 B0ganaing
experiments across many different fields. Fungivores were found to be highly integrated with soil biological health
YRedastivar PeYntashbnatdirscieddiVeNafa: fctigshobfratksie @ gbshhgliad HeenaibRirBeities8nde
esseHiBRIS \apaPies daduirnee dbg Slemaipdes QEpBRIlas Bydie) GRat amBaIZawRS T\ Bblern e the

meﬁﬁ@iic%@&grim&&;ﬁ‘}g&d web complexity across two ecosystems in Kenya, Karuri 22! collected soil samples

I Eshase e R RARITLIMARLARCI S AR psle tsanieae woue ahensanan sifises etvssriiae B0
SySiegrs; Wi iendields cogordgriciomicapty. EahRanLRAREr SRS BARESSOYR 1P ratet Srlaaopr was
areaig]) iyt israte St rEEYBIbIMEIHRIEr FEBHas Jao RGNt ighggiopical forest, possibly contributing to a

slightly more structured state as indicated by the functional metabolic footprint. Overall, the tropical forest had a
MRS N BRI e AHE bl TABHR 1B ribATBUICHE 18 Frefde i TETEH AR EPE e 2
nerntosiss QiR BIEMA LSRG RIS L) e R alio AP ANt S adYrries: A E S RS e RE
stuoll:yreuen_é'é\rllmgsl\!ﬁarlp %gdc?osﬁv‘(]a'rsl%gl'o %g ’n%?dr%ﬂ'gggs'ystem to tea fields affected the nematode community
109rushuei @z, COnBromisast thenfood Wik kaonp|eKitlz. WGlia SeddecTopredsasbr CoMpriGuznt Psrestserahgibivory
disseAicSatearCrEemprad sbeH li@vdy BiverSorabauiesding okt ratadesdtopryr Gy rgsivicrandeToroporagoils,
JiagratientSbidesanigitatisariesfassharidensoin Bitlr@ieoHesterfigRD sol0 Wit 783Sat. The presence of
nematodes enriched bacterial community structure for certain groups, while also stre@thening microbial

101. Wilschut, R.A.; Geisen, S.; Martens, H.; Kostenko, O.; Hollander, M.; Hooven, F.C.; Weser, C.;
connectance. Phosphate-solubilizing . bacteria tacilitated P cycling and were responsible for_these changes in

- Snoek, L.B.; Bloem, J.; Cakovic, D.; et al. Latitudinal Variation in Soil Nematode CommunitieS

microbiome_structure, but this enhancement varied according to nematode feeding behavior: nematodes that had
under Climate Warming-related Range-expandlng and Native Plants. Glob. Chang. Biol. 2019, 25,
Wea2I<7e]r_£f1e_e2d%nZg6lntenS|ty were found to support a greater abundance of phosphate-solubilizing bacteria and lead to
better plant peri‘ormance in comparison to nematodes with greater feeding intensity. Nevertheless, this work
10z oW insightiamtoS Hovwangil XnehibiodesZ bonwtriButddth Ghapan®akierdal @oinGiess QudNiplsensikhNpP
bio&anmbIrgt Rait Spaaesitnibessaiisaaindaicbress hy\dadatangpldndeisteonamiverstyratiding
keyMiebepigd Asseiagesenicl, BigdnBiechen®sPQdfutad E0756ar field experiment to understand how
1P BRURRRRISFAIOK S CRRE TSIy 2 b imielg: NI A1 ODeRIBHBE LN, MULighsiEabRnd
oroRnfi STk 0 SRBVIERTL BRIAYASAF ARG SLLis LR SRl (1 Rs Sz sRE e el st 25, N
avai!_al_@'ﬂt{fgggests that nematode predation may have caused shifts in C/N ratios. Nematode feeding on specific
microbial taxa induced changes in the overall community structure. On the whole, these results highlight the
10fhpW¥thnke GN8Aode HrRudon ¥ lagtng Wit ¥iz¥LBR8reBmikibbidine " Msintminfty): aha Bituding Mt isidiy

meRINEASHY AR BIRY: Divessix BRta B Ry e R GG BYIaMLRE M veim G5gselands. Ecol. Lett.
2023, 26, 858—-868.

Retiabkd froch kit gk neyit| operdiztqddy/ @ainydhisiiyy/showdD 78i6ient decomposition, leading to more nutrient
mineralization that readily become available to plants, thus reducing the need for fertilizer application. Moreover, a

natural regulation of pests and diseases performed by soil nematodes will reduce our dependence on pesticides.
Ultimately, with reduced farmer intervention and corresponding anthropogenic impact, systems will be less

disturbed and soils healthier.

| 4. How Nematodes Promote Soil Resilience
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As highly adaptable animals, with diverse roles in ecosystem functioning, the physiological and life history traits of
nematodes make them less susceptible to environmental changes compared to larger fauna higher-up in the food
web. Indeed, these characteristics could prove useful for the resistance and resilience of soils to natural and

anthropogenic changes.

To better comprehend the role of bacterivores in maintaining functional stability of ecosystems under disturbance,
Chen et al. [28] studied their contributions to promoting soil resistance and resilience under copper and heat stress.
The relative shifts in two dominant bacterivore genera, Acrobeloides and Protorhabditis, responded differently to
disturbance. Protorhabditis exhibited greater resistance and resilience to copper stress compared to Acrobeloides,
while both genera displayed higher resilience only by the end of the experiment under heat stress. Indeed,
bacterivores showed a positive effect on soil resilience under thermal stress starting at 28 days. The increase in
relative abundance of bacterivores did not significantly affect soil resistance in terms of microbiota but it improved
soil resilience to copper stress. The differences in responses of soil function to disturbance highlight the role of
bacteria-feeding nematodes in promoting ecosystem stability under stress. To determine the effects of soil
properties, rainfall, and temperature on soil nematodes, da Silva et al. 22l analyzed the changes in nematode
community structure under contrasting types of land use in a seasonally dry tropical forest in Brazil. Nematofauna
composition in the secondary forest differed in abundance and richness compared to agricultural systems, being
expectedly higher in the former and lower in the latter, with bacterivores and omnivore—predators more susceptible
to the type of land use. The variation in taxonomic composition among the studied sites was strongly related to soil
properties, monthly mean rainfall, and temperature, which accounted for 65.42% of the total variation. These
results further indicate that anthropogenic activities, expressed by the conversion of native vegetation to cropping
systems, which modify soil characteristics, as well as climate variables, negatively affect the structure and
composition of nematode communities. Nevertheless, changes in nematode community composition and structure
can be reversed by allowing the fields to undergo secondary forest regeneration after abandonment. Seeking to
identify the major ecological predictors of soil invertebrate diversity, Bastida et al. 28 surveyed 83 locations in six
continents, from polar to arid climates, to study three soil invertebrates: nematodes, arachnids, and rotifers.
Different ecosystem types such as forest, grasslands, and shrublands were included in the survey and nematodes
were the most abundant, accounting for 43% of all taxa surveyed. Aridity was detrimental to the diversity of
nematodes, whereas forest, plant richness, and annual net primary productivity were positively correlated. These
findings exposed potential vulnerabilities of soil invertebrates to climate change in locations where hotter
temperatures may occur in the future. Moreover, deforestation processes and increase in aridity may reduce
nematode diversity, providing evidence of the importance of vegetation and climate for the diversity of soall
invertebrates. Considering an increasing likelihood of extreme climatic events, Majdi et al. 22 exposed five species
of free-living bacterivorous nematodes to a wide range of temperatures under controlled conditions, and their
population growth rates and body-size distributions were measured. Body size at maturity was inversely
proportional to temperature, mature females were laying a smaller number of eggs at higher temperatures, and a
prevalence of early juvenile stages resulted in reduced body-mass structure with increasing temperature.
Additionally, closely related species like Plectus acuminatus and P. cf. velox had very different thermal tolerance

ranges, with the population growth of most tested species declining between 25 and 30 °C, and A. nanus exhibiting
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the broadest thermal tolerance range. This study demonstrated how thermic stress can induce changes in the
growth and size—structure of bacterivores. To investigate the community-weighted mean body mass of soll
nematodes, Andriuzzi et al. 199 studied the role of water availability in the body size of these invertebrates across
a gradient of precipitation in North American grasslands, ranging from arid to semiarid and mesic conditions. An
increase in nematode community-weighted mean mass from arid to mesic conditions was observed, but no effects
were reported at the arid site. When grouping community-weighted mean mass by feeding habits, only plant-
parasitic nematodes showed a positive response to water input in semiarid and mesic conditions. This suggests
that aridity acts as a buffer against large-bodied nematodes, limiting community body size shifts in response to
extreme events, either drought or rainfall. Aiming to study the latitudinal variation in soil nematode communities
under climate warming-related range-expanding and native plants, Wilschut et al. 221l showed that the composition
of soil nematode communities changes across a latitudinal gradient, but not their richness or abundance, with plant
species identity (both range-expanding and native plant species) being the strongest predictor of this shift. These
findings further indicate that this variation is less dependent on soil characteristics, such as pH and soil moisture. In
addition, plant species that expand their range due to climate warming may experience advantages by being free
from nematode herbivory in their new habitat. A plant removal experiment was set up by Wang et al. 192 to better
understand how dominant vegetation changes impact nematode assemblages. Edaphic properties, especially soil
C and N content, were the primary drivers of nematode community structure and community-weighted mean
biomass, with no observable short-term effects resulting from vegetation removal. However, long-term effects on
nematode assemblages are expectable due to nutrient flow mediated by shifts in vegetation composition. To
characterize and explore the relationship between soil biota and plant diversity and productivity, Bennett et al. [103]
carried out a long-term experiment. Plant species richness had a positive effect on fungi, including increased
arbuscular mycorrhizal fungi, while reducing plant-parasitic nematodes. Overall, soil biota resistance to disturbance
increased with plant diversity, highlighting the importance of plant species richness for belowground communities.
To evaluate the impacts of various measures of trophic diversity, climate, and soil environmental factors across
three spatial scales, Wu et al. 224 conducted a field survey on the stability of ecosystems on the Mongolian
Plateau. Soil biota diversity, including a-and p-diversity, positively contributed to ecosystem stability, with soil
nematode diversity and trophic groups associated with higher ecosystem stability. The relatively low abundance of
herbivores may have contributed to enhanced plant performance by increasing root exudation, which stimulated
microbial activity and nutrient availability. The positive association of soil biota diversity with ecosystem stability
was similar to that of plant diversity in some cases. Similarly, an increase in the abundance of higher trophic levels
such as omnivores—predators and microbial-feeding nematodes may have resulted in improved nutrient transfer to

plants, leading to enhanced plant productivity and maintaining ecosystem stability through top—down effects.

Severe anthropogenic impacts often lead to simplified soil food webs, with limited top—down control by omnivores—
predators, ultimately compromising ecosystem functioning and impairing their natural ability to mitigate the effects
of climate change. It is therefore crucial to restore the complexity of soil food webs to enhance soil resilience to

climate change.
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