








position). In contrast to the "Mostconnected" method of the SimulateExtinctions function, the206

"Ordered" method does not change the initial extinction order, but treats it as static. Here, we207

supply the 60 most connected species who aren’t top predators in the Chilean intertidal network208

(see code chunk 3 in the supplementary material and Table S3 for the full extinction sequence).209

Regardless of the selected method, the SimulateExtinctions function returns the same kind210

of output previously described. However, having supplied a primary extinction order that does211

not include all nodes in the original network and whose extinction simulation did not lead to total212

network annihilation, we can also assess the post-extinction simulation network (Figure 2).213

Figure 2: Post-extinction networks representative of removal of the 60 most connected non-top

predator species from the Chilean intertidal network. A) Reduced network following removal of

only primary extinction nodes. B) Reduced network obtained via the SimulateExtinctions function

which also accounts for secondary extinctions. n = number of resulting nodes. See code chunk 4

in the supplementary material for generation of these networks and plots.
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Random Extinctions214

The second extinction simulation function - RandomExtinctions - allows users to simulate the215

removal of a number of nodes based on a random deletion sequence. The output of this function216

is particularly useful for establishing effect sizes of non-random deletion sequences (see code217

chunk 5 in the supplementary material).218

The function returns a data frame (Table 2) and a plot (when the optional plot argument is set219

to TRUE (see code arguments in supplementary material) with the mean of secondary extinctions220

for each removal step averaged through all the simulations.221
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Table 2: Summarised results of the RandomExtinction function for the intertidal food web, showing

the first and last three rows. NumExt: cumulative number of primary extinctions, AccSecExt 95CI:

cumulative 95% of confidence intervals of the secondary extinctions among all the simulations per-

formed, AccSecExt mean: cumulative average of secondary extinctions among all the simulations

performed, Upper & Lower: lower and upper limit of the [mean + 95% CI], respectively. See the

full results in Table S4 and the code to produce this output in code chunk 5 in the supplementary

material.

NumExt AccSecExt 95CI AccSecExt mean Upper Lower

1 0 0 0 0

2 0 0 0 0

3 4.14 0.3 4.44 0

. . . . .

. . . . .

. . . . .

104 9.59 9.32 18.9 0

105 10.15 9.46 19.61 0

106 9.59 10.18 19.78 0.59
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Analysis & Visualization Functions222

Two more functions contained in the NetworkExtinction package are used to visualize and analyze223

ecological networks and their extinction sequences beyond simulations of extinction cascades.224

These are called ExtinctionPlot and CompareExtinctions.225

The ExtinctionPlot() Function226

The ExtinctionPlot function is particularly useful for visualizations of extinction simulation227

outcomes as obtained through SimulateExtinctions. Using this function, users can plot any228

of the topological metrics that SimulateExtinctions calculates at each simulation step against229

the progress of the extinction simulation along the extinction order (see code chunk 6 in the230

supplementary material). As such, this function can visualize all columns displayed in the231

standard SimulateExtinctions output (Table 1). As an example, we plot the link density of the232

intertidal food web at each removal step using the "Mostconnected" deletion sequence of the233

SimulateExtinctions function (Figure 3).234
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Figure 3: Links density after each removal step (primary extinctions) in the intertidal food web

using the ”Mostconnected” method of the SimulateExtinctions function and visualized using the

ExtinctionPlot function.

The CompareExtinctions() Function235

The CompareExtinctions function compares the number of secondary extinctions produced by236

either of the two options of the SimulateExtinctions function, against a set of random deletion237

sequences (see code chunk 6 in the supplementary material). This comparison is returned as a238

figure (Figure 4). Here, we compare the secondary extinctions produced by the random deletion239

sequences (RandomExtinctions) with the extinctions produced by the "Mostconnected" deletion240

sequence of the SimulateExtinctions function. In this example, Figure 4 shows clearly that241

primary extinction of the most connected species has a more drastic effect on the rate of secondary242
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extinction accumulation than would be expected following random primary extinctions.243

Figure 4: Comparison of the cumulative secondary extinctions after each removal step (Primary

extinctions, defined by user) between the random (Null hypothesis) and ”Mostconnected” (Ob-

served) deletion sequence in the intertidal food web using the CompareExtinctions function. The

blue line is the average (±95%CI [red area]) of secondary extinctions of the null model and the

black line following the dots represents the secondary extinctions of the observed model.

Degree Distribution244

The final function contained in the NetworkExtinction package - DegreeDistribution - fits the245

degree distribution of the network using two approaches: linear (on log-transformed data) and246

non-linear regression (see code chunk 7 in the supplementary material).247

Different statistical approaches have been proposed to fit the degree distribution, such as248
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maximum likelihood (Clauset et al., 2009), ordinary least squares, or linear versus non-linear249

regression (Xiao et al., 2011). As in other fields, the use of linear and non-linear regressions250

has been controversial (Xiao et al., 2011). Some have suggested that the linearization using a251

logarithmic scale is flawed and that instead, the analysis should be conducted on the original scale252

using non-linear regression methods (Xiao et al., 2011). In part, this is because when using linear253

regressions (LR) on log-transformed data the error distribution may not meet the assumptions254

needed to statistically compare across different models; hence, a second group of approaches255

considers the use of non-linear regression using general least squares, in combination with256

Akaike’s information criteria to select the best model that fits the degree distribution.257

DegreeDistribution incorporates these considerations in its three data frames outputs258

(models, params, and DDvalues) with:259

• models: Comparison of the AIC and normal distribution of the residual assumption test260

between the different distributions tested (Table 3).261

Table 3: Model parameters and normal distribution tests.

logLik AIC BIC model Normal.Resid family

83.15 -160.30 -153.64 Exp No Exponential

13.39 -20.77 -14.20 Power No PowerLaw

-27.48 60.96 67.53 LogExp No Exponential

-80.84 167.68 174.25 Logpower No PowerLaw

• params: The statistical parameters of each model (Table 4) corresponding to P(k) = ckβ
262

(non-linear power-law models), log P(k) = β log k + c (linear power-law models) and P(k) =263
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eλk+c (non-linear exponential distribution models), log P(k) = λk + c (linear exponential264

distribution models).265

Table 4: Statistical parameters of the models.

term estimate std.error statistic p.value model

c 2.25 0.38 5.84 0 LogPower

Beta -1.20 0.11 -10.44 0 LogPower

Beta -0.45 0.04 -11.17 0 Power

c 1.54 0.15 10.27 0 Power

c 0.67 0.09 7.25 0 LogExp

Lambda -0.07 0.00 -28.41 0 LogExp

Lambda -0.04 0.00 -26.98 0 Exp

c 0.16 0.03 6.63 0 Exp

• DDvalues: The degree distribution with the observed values and the value of each fitted266

model (visualised automatically by the function as seen in Figure 5).267

In our example, the best model is the exponential degree distribution obtained from non-linear268

regressions (NLR) with an AIC = -160.30 (see Table 3). If we calculate the difference between269

the AIC value obtained from NLR (Exp model) with the AIC value obtained from LR (LogExp)270

(-160.30 - 60.96 = -221.26), it is < -2, which means that we proceed with the results obtained from271

NLR. Thus, the intertidal food web follows an exponential degree distribution (Figure 5).272
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Figure 5: Cumulative probability distribution for a given degree (k) using the DegreeDistribution

function. The plot shows two different model fits (lines). Note that since the fitted lines are

regression models, their predicted values can sometimes start in values over one. Dots are the

observed values
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Extinction Thresholds - Using Weighted Networks273

Biological interactions may be expressed either as present or absent, or quantified via a host of274

measures such as interaction frequency (González-Castro et al., 2021), diet composition proportion275

(Cuff et al., 2021), or handling time of food items (Sentis et al., 2021), among others. Such276

weighted interactions are used to create weighted ecological networks and establish a spectrum of277

importance of interaction partners for each node. For example, the loss of a prey comprising 70%278

of a predator diet constitutes a much greater risk to its own continued existence than the loss of a279

prey item accounting for only 5%.280

Using the argument IS (short for ”interaction strength”) in the SimulateExtinctions and281

RandomExtinctons functions, users may define what proportion of original interaction strength282

each node is required to retain before being considered secondarily extinct. The default value283

is 0, denoting that a node has to become fully unconnected from the network to be consid-284

ered secondarily extinct. The IS The argument may be used to either set a global extinction285

threshold or index local extinction thresholds for each individual node. Here, we demonstrate286

the extinction threshold argument with a global threshold of 0.5 - each node goes secondarily287

extinct when it looses more than 50% of its original interaction strength. To do so, we use the288

"chilean_weighted" data object supplied with the NetworkExtinction package (see code chunk 8289

in the supplementary material). Figure 6 shows clearly how much more drastic the accumulation290

of secondary extinctions turns out when accounting for extinction thresholds particularly when291

compared to Figure 4.292
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Figure 6: Comparison of the cumulative secondary extinctions after each removal step (Primary

extinctions) between the random (Null hypothesis) and ”Mostconnected” (Observed) deletion

sequence in the weighted intertidal food web assuming an extinction threshold of 0.5. The blue

line is the average (±95%CI [grey area]) of secondary extinctions of the null model and the black

line following the dots represents the secondary extinctions of the observed model. The orange

line represents the observed model assuming an extinction threshold of 0 (Figure 4).

To highlight the relevance of the chosen extinction threshold to the output obtained by the Net-293

workExtinction package, we have run the SimulateExtinctions function with the "Mostconnected"294

method for all possible values of IS between it’s minimum of 0 and maximum of 1 in steps of 0.01.295

We extracted the primary removal step at which the entire network had become unconnected/fully296

extinct and visualise the results in Figure 7 which shows the drastically increased rate of secondary297

extinctions as IS approaches 1.298
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Figure 7: Network robustness (network of primary extinctions required to produce total disconnec-

tion of the network ) over the the value space of the extinction threshold parameter. The red line

indicates the extinction simulation depicted in Figure 6. See code chunk 9 in the supplementary

material for this computation.
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Realising Rewiring Potential - Escape From Cascades299

So far, we have demonstrated the use of the NetworkExtinction package under the assumption300

of static links. However, this assumption rarely holds in nature, where networks have been301

demonstrated to be capable of rewiring to new or pre-existing partners (Bartley et al., 2019;302

Schleuning et al., 2016). We have implemented functionality to account for rewiring potential in303

the NetworkExtinction package through three optional arguments to the SimulateExtinctions304

and RandomExtinctons functions. These are:305

• RewiringDist - this must be a matrix of the same dimensions as the adjacency matrix306

defining the Network argument and contain either species-(dis)similarities or rewiring307

probabilities.308

• Rewiring - this argument must be a function that calculates rewiring probabilities from the309

species-(dis)similarities stored in the RewiringDist object. This argument can be defined310

much like the IS argument either globally or separately for each species.311

• RewiringProb - this global threshold determines what level of rewiring probability must be312

exceeded for rewiring potential to be realised.313

Following a primary extinction, the NetworkExtinction package identifies all links which are314

being lost due to the removal of the primary extinction node. Then it identifies all the nodes315

involved in these interactions that still remain in the network. Calculating rewiring probability316

from RewiringDist matrix using the Rewiring function, the NetworkExtinction package then317

identifies which potential rewiring options are realised by evaluating the computed rewiring318

probabilities against the RewiringProb threshold. Any of the previously identified links for whom319
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a realization of rewiring potential has been identified are then transferred to the new interaction320

partner. If there exists a pre-existing link between these two, the rewired link’s weight is addedd321

to the pre-existing link’s weight.322

Here, we demonstrate the use of the NetworkExtinction package with already identified323

rewiring probabilities thus specifying a Rewiring argument which simply passes the values stored324

in RewiringDist along to the evaluation against the RewiringProb argument. To identify potential325

links (i.e., rewiring potential), we assigned each species into functional groups and subsequently326

assume that a predator preying on any item of a specific functional group may also predate each327

other member of the same functional group. This results in a binary matrix of potential trophic328

interactions in the Chilean intertidal ecosystem. This data is available via the NetworkExtinction329

package as the chilean_potential object. See code chunk 10 in the supplementary material for330

the computation. As Figure 8 indicates, accounting for rewiring potential of ecological networks331

leads to higher network robustness and longer runs of primary extinction simulations until full332

network annihilation is reached. Additionally, Figure 8 highlights that realisation of rewiring333

potential may lead to concentration of links on a small subset of species which incur a large334

number of secondary extinctions when they are removed.335
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Figure 8: Comparison of the cumulative secondary extinctions after each removal step (Primary

extinctions) between the random (Null hypothesis) and ”Mostconnected” (Observed) deletion

sequence in the intertidal food web assuming rewiring as indicated in the main text. The blue line

is the average (±95%CI [grey area]) of secondary extinctions of the null model and the black line

following the dots represents the secondary extinctions of the observed model. The orange line

represents the observed model assuming no realisation of rewiring potential (Figure 4).

We realize that the implementation of the rewiring capabilities may be overly simplistic for336

some purposes as interactions may not be rewired wholesale, but only incrementally and split337

among multiple partners rather than just one rewiring partner. Nevertheless, we suggest that the338

capability to analyse realisation of rewiring potential in the first place represents a step-change339

improvement for the field of ecological network analysis and subsequent considerations of more340

nuanced rewiring processes may be implemented in the NetworkExtinction package due to its341

open-source nature.342
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Concluding remarks343

With the NetworkExtinction package, we have developed an easy-to-use package to visualize and344

assess the structure and robustness of the ecological network to different sequences of loss of345

species. The package lowers drastically the barrier of entry into extinction consequence forecasting346

models for a wide user-basis and we expect it’s applicability will be wide-ranging given the347

ubiquity of ecological networks.348
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Data and code availability361

The code for the R package can be found in the project repository (github.com/derek-corcoran-362

barrios/NetworkExtinction).363
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González-Rodrı́guez, A. & Quesada, M. (2019) The role of pollination effectiveness on407

the attributes of interaction networks: from floral visitation to plant fitness. Ecology, 100.408

https://dx.doi.org/10.1002/ecy.2803.409

Dirzo, R. & Raven, P.H. (2003) Global state of biodiversity and loss. Annual review of Environment410

and Resources, 28.411

Donohue, I., Hillebrand, H., Montoya, J.M., Petchey, O.L., Pimm, S.L., Fowler, M.S., Healy, K.,412

Jackson, A.L., Lurgi, M., McClean, D. et al. (2016) Navigating the complexity of ecological413

stability. Ecology Letters, 19, 1172–1185.414

Dunne, J.A. & Williams, R.J. (2009) Cascading extinctions and community collapse in model food415

webs. Philosophical Transactions of the Royal Society B: Biological Sciences, 364, 1711–1723.416

Dunne, J.A., Williams, R.J. & Martinez, N.D. (2002a) Food-web structure and network theory: the417

role of connectance and size. Proceedings of the National Academy of Sciences, 99, 12917–12922.418

Dunne, J.A., Williams, R.J. & Martinez, N.D. (2002b) Network structure and biodiversity loss in419

food webs: robustness increases with connectance. Ecology letters, 5, 558–567.420

Dunne, J.A., Williams, R.J., Martinez, N.D., Wood, R.A. & Erwin, D.H. (2008) Compilation and421

network analyses of cambrian food webs. PLoS biology, 6, e102.422

Estrada, E. (2007) Food webs robustness to biodiversity loss: the roles of connectance, expansibility423

and degree distribution. Journal of theoretical biology, 244, 296–307.424

36

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 29, 2022. ; https://doi.org/10.1101/2020.10.17.305391doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.17.305391
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fründ, J. (2021) Dissimilarity of species interaction networks: how to partition rewiring and425

species turnover components. Ecosphere, 12. https://dx.doi.org/10.1002/ecs2.3653.426

Gilbert, A.J. (2009) Connectance indicates the robustness of food webs when subjected to species427

loss. Ecological Indicators, 9, 72–80.428
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Kéfi, S., Berlow, E.L., Wieters, E.A., Joppa, L.N., Wood, S.A., Brose, U. & Navarrete, S.A. (2015)439

Network structure beyond food webs: mapping non-trophic and trophic interactions on chilean440

rocky shores. Ecology, 96, 291–303.441

Kusch, E. & Ordonez, A. (2022) Ecological network resilience & extinction proxies - updating442

projections of ecological network topology scenarios. Manuscript in Preparation.443

May, R.M., Lawton, J.H. & Stork, N.E. (1995) Assessing extinction rates. Extinction rates, 1, 13–14.444

37

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 29, 2022. ; https://doi.org/10.1101/2020.10.17.305391doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.17.305391
http://creativecommons.org/licenses/by-nc-nd/4.0/


McWilliams, C., Lurgi, M., Montoya, J.M., Sauve, A. & Montoya, D. (2019) The stabil-445

ity of multitrophic communities under habitat loss. Nature Communications, 10, 1–11.446

https://dx.doi.org/10.1038/s41467-019-10370-2.447

Morales-Castilla, I., Matias, M.G., Gravel, D. & Araújo, M.B. (2015) Inferring448
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