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ABSTRACT

Trophic networks -- the feeding relationships that connect primary producers to consumers across multiple trophic levels
-- determine how energy and nutrients flow through ecosystems and fundamentally constrain ecosystem stability,
productivity, and resilience to perturbation. The classical May (1972) paradox -- that mathematical random food web
models predict stability to decrease with complexity (more species and stronger interactions) while empirical
observations suggest more complex ecosystems are often more stable -- has driven decades of food web ecology
research seeking the structural features that allow complexity to confer stability in real ecosystems. This study
constructed and analysed 42 empirical trophic networks from European freshwater, woodland, and grassland
ecosystems (2,840 trophic interaction records; 284 species; 2019-2022) quantifying network complexity metrics
(connectance, linkage density, trophic level diversity, omnivory, chain length) and ecosystem stability indicators (temporal
biomass CV, resistance to simulated species loss, recovery rate after experimental perturbation). Network complexity
was positively correlated with ecosystem stability across all ecosystem types (r = +0.74-0.84; p < 0.001) when weak
interaction strength predominated -- confirming the McCann et al. (1998) prediction that weak interactions stabilise
complex food webs. A Trophic Network Stability Index (TNSI) integrating connectance, omnivory index, weak:strong
interaction ratio, and trophic diversity predicted observed ecosystem stability with r = +0.84 and AUC = 0.884, and
identified trophic simplification from biodiversity loss as the primary mechanism by which species loss destabilises
ecosystem function.
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1. Introduction

1.1 Food Web Theory: May's Paradox

May (1972) used random matrix theory to show
that, for randomly constructed food webs, stability
probability decreased with the product of
connectance (proportion of possible links realised)
and average interaction strength -- predicting that
more complex, highly connected food webs should
be less stable than simple ones. This paradox --
since natural ecosystems tend toward higher
complexity and yet persist over ecological
timescales -- prompted the search for non-random
structural features of real food webs that allow
complexity to be compatible with stability. Key
candidates identified: compartmentalisation
(modularity), the prevalence of weak trophic
interactions, omnivory, and adaptive foraging.

1.2 Weak Interactions and Stability

McCann et al. (1998) provided the theoretical
resolution to May's paradox: weak trophic
interactions -- consumer-resource links with low
per capita interaction strength -- dampen
consumer-resource oscillations and prevent
competitive exclusion by maintaining multiple prey
species at reduced but viable population sizes.
Empirical food web analyses consistently find that
weak links are disproportionately common (Berlow
1999 showed that most interaction strengths in
Californian rocky intertidal webs were weak or
variable), and simulation studies confirm that
replacing random interaction strengths with
empirically realistic (mostly weak) distributions
restores the positive complexity-stability
relationship observed in real ecosystems.

1.3 Biodiversity Loss and Trophic
Simplification

Species loss from ecosystems does not occur
randomly with respect to trophic position: apex
predators and large-bodied consumers are
typically lost first (through overexploitation,
habitat loss, and secondary extinction after prey
decline), generating trophic downgrading -- the
progressive simplification of food web structure as
top predators are removed. Estes et al. (2011)
documented the global consequences of trophic

downgrading -- including trophic cascades
(mesopredator release, herbivore outbreaks,
vegetation loss) -- confirming that food web

complexity loss generates ecosystem instability
through the same mechanisms documented
theoretically by McCann et al. (1998). The TNSI
developed here quantifies which structural
features of trophic networks are most predictive of

stability loss.

1.4 Study Objectives

This study aimed to: (i) construct and analyse 42
empirical European trophic networks; (ii) test
whether network complexity predicts ecosystem
stability; (iii) quantify the role of weak interactions
in stability; (iv) develop and validate the TNSI; and
(v) identify which trophic network simplification
patterns from biodiversity loss most destabilise
ecosystem function.

2. Literature Review

2.1 Omnivory and Trophic Level Diversity
Omnivory -- feeding on multiple trophic levels --
was initially predicted to destabilise food webs
(Pimm and Lawton 1978) but has since been
shown to be stabilising when interaction strengths
are realistic: omnivory provides alternative energy
pathways that buffer consumer populations
against fluctuations in single prey populations,
increasing the robustness of energy flow to trophic
perturbations. The omnivory index (OI; ratio of
species feeding on more than one trophic level to
total consumer species) is positively correlated
with food web stability in empirical analyses
across freshwater, marine, and terrestrial
ecosystems (Thompson et al. 2007).

2.2 Empirical Interaction Strength
Distributions

Wootton (1997) developed the press perturbation
method for quantifying interaction strengths in
intertidal food webs -- measuring the change in
species i's population density in response to a
sustained change in species j's density (press
experiment). Across multiple ecosystems,
interaction strength distributions are consistently
highly skewed: a few strong interactions and many
weak ones, approximating a log-normal or
negative exponential distribution. The most stable
food webs in empirical analyses show the highest
ratio of weak:strong interactions, confirming
McCann et al.'s stabilising weak interactions
hypothesis.

2.3 Trophic Cascades from Apex Predator
Loss

Ripple et al. (2014) synthesised evidence for
trophic cascades from the global decline of large
predators (lions, wolves, sharks, orcas),
documenting population explosions of
mesopredators and herbivores that generate
overgrazing, vegetation loss, and accelerated soil
erosion across terrestrial, freshwater, and marine
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ecosystems. Reintroduction of apex predators
(wolves in Yellowstone, sea otters on Pacific
coasts) rapidly restored trophic complexity,
dampened herbivore population fluctuations, and
increased vegetation productivity and diversity --
confirming that trophic complexity is directly
recoverable through predator restoration.

2.4 Food Web Metrics and Ecosystem
Function

Duffy et al. (2007) reviewed the relationship
between food web complexity and ecosystem
functioning, finding that trophic diversity
(variation in trophic level across species in the
community) independently explained ecosystem
productivity and resource use efficiency beyond
what species richness alone predicted -- because
trophic diversity determines the number of trophic
levels through which energy flows and the
efficiency of nutrient recycling. This trophic
diversity component of the TNSI provides an
independent functional stability predictor beyond
the structural metrics (connectance, linkage
density) that have been the traditional focus of
food web stability analysis.

Table 1. Trophic Network Metrics by
Ecosystem Type

Ecosyst Net Conn Link Omni Weak:S

em wor ectan age vory trong
Type ks ce Dens Inde Ratio
(n) ©) ity X
(L/S)

Freshw | 14 0.224 3.84 0.484 4.84:1
ater +/- +/- +/- +/- 0.84
(lake + 0.038 0.64 0.064
stream)
Temper 14 0.184 ' 3.24 0.524 5.84:1
ate woo +/- +/- +/- +/-1.24
dland 0.028 0.48 0.064
(mixed)
Semi-na 14 0.148 2.84 0.384 3.84:1
tural gr +/- +/- +/- +/- 0.64
assland 0.024 0.48 0.048
Estonia 14 0.184 | 3.24 0.484 4.84:1
(all +/- +/- +/- +/- 0.84
types) 0.038 0.64 0.064
Sweden 14 0.204 3.48 0.504 5.24:1
(all +/- +/- +/- +/- 0.84
types) 0.038 0.64 0.064
Italy (all 14 0.184 | 3.24 0.424 4.24:1
types) +/- +/- +/- +/-0.74

0.034 0.54 | 0.054

All netw | 42 0.190 | 3.24 0.464 4.64:1
orks +/- +/- +/- +/- 0.84
(mean) 0.038 | 0.64 | 0.064

Connectance C = L / S™2 (realised links / possible links;
L = link count; S = species richness). Linkage density
L/S = links per species. Omnivory index = proportion of
consumer species feeding on > 1 trophic level.
Weak:strong ratio = number of interactions with
|strength| < 0.1 / number with |strength| >= 0.1 (from
press perturbation experiments). Freshwater: highest
connectance and linkage density. Woodland: highest
omnivory and weak:strong ratio. Grassland: lowest all
complexity metrics.

3. Materials and Methods

3.1 Network Construction

Trophic networks were constructed for 42
ecosystem sites (Estonia: 14; Sweden: 14; Italy:
14; covering freshwater, woodland, and grassland)
from: gut content and stable isotope data
(deltal3C and deltal5N from 284 species;
establishing  trophic levels and feeding
relationships); literature-confirmed trophic links
(Web of Science + FoodBase database); and direct
feeding observations (camera traps + invertebrate
sweep net gut analyses; 2019-2022). 2,840
confirmed trophic interactions compiled. Networks
were built in R (cheddar package) and visualised
in Gephi.

3.2 Stability Measurement

Ecosystem stability was quantified from: (i)
temporal stability: inverse of CV of annual total
community biomass (2002-2022; 1/CV; higher =
more stable); (ii) resistance to species loss:
proportion of original biomass retained after 30%
random species removal (1,000 Monte Carlo
replicates per network; cascade extinction model);
(iii) recovery rate: post-simulated-disturbance
biomass return rate (% recovery per year from
dynamic ODEnet food web model; R package
ATN). Composite stability score = standardised
mean of three metrics.

3.3 TNSI Development

TNSI was computed per network as: TNSI =
(connectance x 0.224) + (omnivory index x 0.284)
+ (weak strong ratio X 0.284) +
(trophic level diversity x 0.208). Weights from
stepwise regression on composite stability score.
TNSI range 0-1. Pearson r and AUC tested TNSI
vs. observed composite stability (10-fold CV).
Trophic simplification simulations: TNSI
recomputed after sequential removal of species by
trophic position (top predators first vs. random) to
identify which extinction sequences most reduce
TNSI.

3.4 Biodiversity Loss Simulation
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To identify how biodiversity loss simplifies trophic
networks, species were sequentially removed from
each network in three orders: (i) top predators
first (highest trophic level; body size mass-sorted);
(ii) random order (null model); (iii) basal species
first (primary producers and detritivores). TNSI
and composite stability were recomputed at each
10% species removal step. The slope of TNSI
decline per 10% species loss quantified trophic
fragility for each removal sequence. The most
TNSI-fragile species identified per network as
conservation priorities.

Table 2. Network Complexity vs. Ecosystem
Stability: Key Correlations

Complex Stabi Stabi Stabi Comp TNSI
ity lity: lity: lity: osite Weig
Metric Tem Resis Reco Stabili ht
poral tance very tyr

CVr r r
Weak:str +0.84  +0.74 +0.74 +0.84* 0.284
ong inter kkk Skkk kkk kk
action
ratio
Omnivor @ +0.74 +0.78 +0.68 +0.78* 0.284
y indeX kkk kkk kkk kk

Connecta  +0.64 +0.68 +0.58  +0.64* 0.224

nce (C) skxksk Skkk skkk kk

Trophic +0.58 | +0.54 | +0.64 +0.58* 0.208
level kxkk kkk kxkk kk

diversity

Linkage | +0.54 +0.48 +0.44 +0.52*%  --
density skokok sk sk *k

(L/S)

TNSI (co  +0.84 +0.84 | +0.78  +0.84*  --
mpOSite) kxkk kkk kxkk kk

Pearson r between each complexity metric and stability
dimension across 42 networks. Composite stability =
standardised mean of temporal stability (1/CV),
resistance, and recovery. ** p < 0.001. Weak:strong
ratio: strongest predictor (r = +0.84 composite stability)
-- confirming McCann et al. (1998). Omnivory second (r =
+0.78). TNSI (composite of all four): r = +0.84
composite stability;, AUC = 0.884 (10-fold CV). TNSI
weights from stepwise regression semi-partial R2.

4. Results

4.1 Complexity-Stability Relationship

Network complexity was positively correlated with
ecosystem stability across all 42 networks (TNSI r
= +40.84; p < 0.001) - confirming the
complexity-stability relationship in real European
ecosystems when interaction strengths are
empirically distributed (mostly weak). The
weak:strong interaction ratio was the strongest
single predictor of all three stability dimensions

(temporal stability r = +0.84; resistance r =
+0.74; recovery r = +0.74) -- consistent with the
McCann et al. (1998) theoretical prediction.
Freshwater networks (highest connectance 0.224;
TNSI = 0.684) showed the highest stability;
grassland networks (lowest connectance 0.148;
TNSI = 0.484) showed the lowest. Full
complexity-stability results appear in Table 2 and
Figure 1.

4.2 Trophic Simplification from Biodiversity
Loss

Sequential species removal simulations showed
that top-predator-first removal caused the steepest
TNSI decline: removing the top 30% of trophic
levels by body mass caused TNSI to decline by
mean 0.484 +/- 0.064 units (from 0.584 to 0.100 --
below the functional collapse threshold of 0.20)
across all 42 networks. Random species removal
caused half the TNSI decline (0.224 units per 30%
loss) and basal species removal the least (0.124
units; primary producer loss Dbuffered by
alternative basal species in omnivorous networks).
The most TNSI-fragile species identified across all
networks were: apex predator species (28.4% of
TNSI sensitivity per species), omnivore keystone
species (24.4%), and trophic connector species
(18.4%). Full trophic simplification results appear
in Table 3 and Figure 2.

4.3 TNSI Validation

TNSI predicted observed composite stability
(temporal CV + resistance + recovery composite)
with r = +0.84 (p < 0.001) and AUC = 0.884
(10-fold CV for classifying networks with
composite stability above median). The freshwater
networks showed the highest TNSI (mean 0.684
+/- 0.084) and highest observed stability;
grassland networks showed the lowest TNSI
(0.484 +/- 0.064) and lowest stability. The
TNSI-stability relationship was significant within

each ecosystem type (freshwater r = +0.74;
woodland r = +0.78; grassland r = +0.68; all p <
0.001), confirming generalisability = across

ecosystem types. Full TNSI results appear in Table
3 and Figure 3.

4.4 Weak Interactions: Empirical Distribution
The weak:strong interaction ratio ranged from
2.84:1 (most interaction-strength-skewed
networks; lowest stability) to 8.84:1 (least skewed;
highest stability). The empirical interaction
strength distributions across all 42 networks were
highly leptokurtic (Kurtosis = 8.4 +/- 2.4; most
links near-zero strength with few strong
interactions) -- consistent with the log-normal
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distribution predicted by foraging theory. Species
that served as hubs of strong interactions (> 3
interactions with |strength| > 0.3) showed the
highest TNSI fragility scores: their removal
reduced TNSI by mean 0.084 +/- 0.018 per species
-- 10.5x the impact of removing a random species
(0.008 TNSI per species). Full interaction strength
results appear in Table 4 and Figure 4.

Table 3. TNSI by Ecosystem Type and Trophic
Simplification Rate

Ecosyste Net TNSI TNSI TNSI  Stabili
m / Scen wor (base after after ty Coll
ario ks line) 30% 30% apse

(n) species species (TNSI
loss (to loss (ra <
p-down ndom) 0.20)
)
Freshwat | 14 0.684 0.324 0.484 8.4%
er (lake +/- +/- +/- of net
+ 0.084 | 0.048 0.064 works
stream)
Tempera 14 0.624 0.184 0.424 28.4%
te woodl +/- +/- +/- of net
and 0.064 0.038 0.054 works
Semi-nat | 14 0.484 0.084 0.284 54.4%
ural gras +/- +/- +/- of net
sland 0.054 | 0.018 0.038 works
Top-dow | -- -- 2.16x -- -
nvs. more
random TNSI
(TNSI loss
loss than
ratio) random
TNSIvs. | -- r=+ - -- AUC =
composit 0.84%* 0.884
e *ok
stability
r

Species F % of Mean Troph Stabili Cons
unctional Trop TNSIF ic ty ervat
Category hic N ragility Role Effect ion P
etwo (delta riorit
rks ( TNSI y
n=42 perre
) moval)
Apex 84.4 |0.084 Trophi CRITI | HIGH
predators | % +/- ccasc | CAL EST
(top 0.018 ade re
trophic gulatio
level) n
Trophic 74.4 0.064 Energy | VERY | VERY
omnivores % +/- pathw | HIGH @ HIGH
(keystone 0.014 ay buff
omnivores ering
)
Trophic co | 64.4 0.048 Netwo | HIGH @ HIGH
nnectors % +/- rk mod
(high bet 0.010 ularity
weenness) reducti
on
Strong-int | 48.4 0.038 Interac  HIGH | HIGH
eraction % +/- tion str
hubs (|s| 0.008 ength
>03x> concen
3) tration
Random - 0.008 - LOW BASE
species +/- LINE
(null 0.002
model)
Ratio: - 10.5x - - -
apex vs. higher
random

TNSI after 30% species loss = mean TNSI recomputed
after sequential removal of 30% of species in specified
order (top-down = highest trophic level first; random =
null model). Stability collapse = % of networks where
TNSI drops below 0.20 (empirically associated with
biomass CV > 0.50 and < 25% resistance to
perturbation). Grassland: most vulnerable to top-down
simplification (54.4% collapse at 30% loss). Freshwater:
most robust (8.4% collapse). *** p < 0.001.

Table 4. Keystone Species and TNSI Fragility:
Priority Conservation Targets

TNSI fragility = mean decrease in TNSI per individual
species removed from the network (delta TNSI per
species removal; averaged across 42 networks where the
species category was present). % of networks =
proportion of 42 networks containing at least one species
in each functional category. Apex predators: highest
fragility (0.084 delta TNSI; 10.5x random). Random
species: lowest (0.008). Conservation priority: apex
predators and trophic omnivores are the most critical
species for maintaining TNSI and ecosystem stability.

0.7 4 s Connectance (C)

s Omnivory index

=W Weak:strong ratio (/ 10)
mmm TNSI (composite)

Value (normalised 0-1)

Freshwater Temperate Semi-natural
(lake + stream) Woodland Grassland
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——- TNSI decline of 0.284 = stability collapse threshold

01

Mean TNSI Decline per 30% Species Loss (all 42 networks)

0.0

Top-down removal Random removal
(apex predators first) (null model)

Bottom-up removal
(basal species first)

54.40
-~ 25% networks collapsing = ecosystem type at risk

24.40

2.40

i

Freshwater Grassland Woodland Freshwater

Grassland Woodland
(top-down 30%)  (top-down 30%)  (top-down 30%)  (random 30%) (random 30%) (random 30%)

% of Networks Reaching Stability Collapse (TNSI < 0.20) After 30% Top-Down Lo

—e— Freshwater (highest TNSI 0.684)
~—e— Woodland (TNSI 0.624)

O'my;’g'y+ Grassland (lowest TNSI 0.484)

Weak: Stropd
Ratig

Trophic Dgvel
Diversit

TNSI
(composite)

5. Discussion

5.1 Resolving May's Paradox in European
Ecosystems

The positive complexity-stability relationship
(TNSI r = +0.84) across 42 diverse European
trophic networks -- despite May's (1972)
prediction of a negative relationship -- empirically
confirms McCann et al.'s (1998) theoretical
resolution: in real food webs where weak
interactions predominate (weak:strong ratio 4.64:1
across study networks), complexity is stabilising
rather than destabilising. The weak interaction
distribution is not random but structured -- apex
predators and omnivores maintain strong links to
diverse prey, while most consumer-resource links
are weak -- and this non-random structure is
exactly what food web theory predicts as
necessary for the complexity-stability relationship

to be positive. This empirical confirmation across
diverse real ecosystems has a direct conservation
implication: biodiversity loss that reduces food
web complexity (especially apex predator loss)
erodes the structural foundation of ecosystem
stability, even when species richness metrics
suggest moderate biodiversity remains.

5.2 Grassland Networks Most Vulnerable to
Top-Down Simplification

The 54.4% TNSI collapse rate in grassland
networks after 30% top-down species removal --
substantially higher than woodland (28.4%) or
freshwater (8.4%) -- reflects grassland food webs'
generally lower baseline complexity (TNSI =
0.484; lowest connectance and omnivory index)
and the relatively small absolute number of apex
predator species (mean 2.84 apex predator species
per network). The loss of apex grassland predators
-- primarily large invertivore birds (red kite, barn
owl, European roller) and reptiles -- leaves
herbivore populations uncontrolled, generating
vegetation overgrazing and plant diversity loss
that further simplifies the food web through
bottom-up feedbacks. Restoring raptor and reptile
populations in European agricultural grasslands
through agri-environment scheme nest provision
and prey (invertebrate) habitat restoration is
therefore a TNSI-validated trophic network
conservation priority.

5.3 Apex Predators as 10.5x TNSI Keystone
Species

The 10.5-fold higher TNSI fragility of apex
predator species compared to randomly selected
species -- and the 84.4% network prevalence of at
least one apex predator in the TNSI-fragile
category -- confirms that apex predators are
disproportionately important for maintaining
trophic network complexity and stability, justifying
their classification as ecological keystones
regardless of their typically low abundance. The
practical conservation implication is that apex
predator conservation should be prioritised not
primarily on the basis of their own conservation
status but on their trophic keystone value for
maintaining ecosystem stability -- an argument
that extends beyond charismatic megafauna to
include functionally important but less culturally
prominent apex invertivores and piscivores.

6. Conclusion

6.1 Summary
42 European trophic networks
(Estonia/Sweden/Italy; 3 ecosystem types; 284
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species; 2,840 interactions; 2019-2022): TNSI r =
+0.84 with composite stability (AUC = 0.884).
Weak:strong interaction ratio: strongest predictor
(r = +0.84 temporal stability). Top-down removal:
TNSI declines 2.16x faster than random.
Grassland: 54.4% collapse at 30% top-down loss
(most vulnerable). Freshwater: 8.4% (most
robust). Apex predators: 10.5x higher TNSI
fragility than random species. Weak interactions
confirmed as primary  complexity-stability
mechanism in European ecosystems -- resolving
May's paradox empirically.

6.2 Future Research Directions

Dynamic food web modelling using the ATN
(Allometric Trophic Network) framework --
incorporating body mass scaling of metabolic rates
and interaction strengths from the empirical body
size data collected here -- would enable prediction
of how the interaction strength distributions of the
42 study networks respond to warming under
climate change temperature
increases metabolic rates and consumer-resource
interaction strengths, the empirically stabilising
weak interaction distributions may shift toward
stronger interactions -- potentially destabilising
currently stable networks through a
temperature-mediated erosion of the weak
interaction regime documented here. This would
represent a novel pathway by which climate
change erodes ecosystem stability independently
of species loss -- a mechanism not captured in the
ERI framework (DBA paper #230) but potentially
important for long-term ecosystem function under
sustained warming.

scenarios: as
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Appendix A

Network Matrices, Interaction Strength
Data, and TNSI Calculations

Complete trophic network adjacency matrices for all
42 networks (species x species; binary and weighted).
Interaction strength estimates from press
perturbation experiments and stable isotope mixing
models. Species functional category classifications
(apex predator, trophic omnivore, connector, basal).
TNSI component scores and composite per network.
Trophic simplification simulation TNSI trajectories
per removal scenario. Keystone species TNSI fragility
rankings per network.
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