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Abstract
1. Ecosystem engineering is a ubiquitous process where species influence the physi-

cal environment and thereby structure ecological communities. However, there 
has been little effort to synthesize or predict how ecosystem engineering may 
impact the structure and stability of interaction networks.

2. To assess current scientific understanding of ecosystem engineering impacts via 
habitat forming, habitat modification and bioturbation on interaction networks/
food webs, we reviewed the literature covering marine, freshwater and terrestrial 
food webs, plant- pollinator networks and theory.

3. We provide a conceptual framework and identify three major pathways of engi-
neering impact on networks through changes in resource availability and energy 
flow, habitat heterogeneity and environmental filtering. These three processes 
often work in concert and most studies report that engineering increases species 
richness. This is particularly marked for engineers that increase habitat heteroge-
neity and thereby the number of available niches.

4. The response of network structure to ecosystem engineering varies, however 
some patterns emerge from this review. Engineered habitat heterogeneity leads 
to a higher number of links between species in the networks and increases link 
density. Connectance can be negatively or positively affected by ecosystem en-
gineer impact, depending on the engineering pathway and the engineer impact of 
species richness.

5. We discuss how ecosystem engineers can stabilize or destabilize communities 
through the changes in niche space, diversity, network structure and the depend-
ency on the engineering impact. Theory and empirical evidence need to inform 
each other to better integrate ecosystem engineering and ecological networks. A 
mechanistic understanding how ecosystem engineering traits shape interactions 
networks and their stability will be important to predict species extinctions and 
can provide crucial information for conservation and ecosystem restoration.
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ecological communities, ecosystem functions, habitat modification, physical environment, 
restoration, species interactions
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2  |    SANDERS and FRAGO

1  |  INTRODUC TION

Ecosystem engineers or habitat modifiers are species that impact the 
physical environment through their activity or presence (Hastings 
et al., 2007; Jones et al., 1994; Largaespada et al., 2012). The con-
cept of ecosystem engineering is linked to “niche construction”. This 
term is used by evolutionary biologists to describe how the metab-
olism, activities and behaviour of organisms modify environmental 
states and ultimately impact eco- evolutionary dynamics (Boogert 
et al., 2006; Laland et al., 2015). Engineer impacts on the physical 
environment can be thought of as operating on three, non- exclusive 
pathways by altering abiotic conditions (e.g. temperature, pH, wind 
or sediment deposition), consumable abiotic resources (such as trap-
ping of run- off water and distribution of nutrients) or non- trophic 
resources (living space, enemy free or mutualist rich space) (Figure 1, 

Sanders et al., 2014). The pathways can overlap with respect to the 
organisms, for example, light can be a resource for a plant and a con-
dition for a predator.

A meta- analysis reported that engineering effects by animals in-
crease habitat heterogeneity—and thereby lead to higher organismal 
diversity (Romero et al., 2015) with a similar positive effect uncov-
ered for nurse plants (Arredondo- Núñez et al., 2009). Heterogeneity 
and diversity are enhanced by many typical habitat formers or foun-
dation species that create new habitats for other organisms such 
as corals providing calcium carbonate structures, beavers building 
dams, or kelp and nurse plants buffering harsh conditions (Coggan 
et al., 2018). Often more subtle engineering effects are provided by 
habitat modifying engineers, for example when insects create galls 
(Barbosa et al., 2019) or mammals leave footprints that are subse-
quently used by other species (Baruzzi & Krofel, 2017). Engineering 

F I G U R E  1  Conceptual framework 
linking ecosystem engineering to 
interaction network structure and 
stability. Ecosystem engineers impact 
habitats as foundation species, habitat 
modifiers or through bioturbation by 
changing the physical environment 
(abiotic conditions, trophic resources and 
non- trophic resources). We identify three 
major pathways how ecosystem engineers 
impact interaction networks and 
community structure: resource availability 
and energy flow, habitat heterogeneity 
and environmental filters. The creation 
of a more heterogeneous habitat can 
increase the number of niches. Changes 
to network structures and engineering 
characteristics have consequences for the 
stability of these communities.
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    |  3SANDERS and FRAGO

often occurs through bioturbation too, which describes the modi-
fication of soils and sediments and can be considered as a special 
mechanism of habitat modification (Romero et al., 2015). Strong or 
subtle, ecosystem engineering is likely to play a key role in many 
ecological systems as it can be considered as the most prevalent 
non- trophic interaction between species (Sanders et al., 2014). With 
such ubiquitous effects in mind, ecosystem engineering changes 
many species interactions either directly between the engineer and 
other species (e.g. by cutting down perches for predatory birds, 
voles reduce their own predation risk through engineering Zhong 
et al., 2022), or through modulation of interactions between other 
species in the network (e.g. Nummi et al., 2021). Within ecologi-
cal interaction networks, the impact of engineering species show-
case how direct and indirect trophic species interactions are often 
coupled with non- trophic interactions (e.g. Estes & Duggins, 1995; 
Thomas et al., 2009).

A recent study clearly demonstrates the interplay between 
trophic and engineering effects in driving food web interactions. 
The invasive big- headed ant (Pheidole megacephala) controls major 
biophysical structure across landscapes in Kenya by disrupting the 
mutualism between native ants and the dominant whistling- thorn 
tree (Kamaru et al., 2024). This makes these trees vulnerable to ele-
phant browsing, resulting in landscapes with much higher visibility. 
As a result, lions become less successful in preying on zebras and 
switch to African buffalo. To better understand how species inter-
act in nature, such organism—environment interactions and their 
eco- evolutionary feedback need to be integrated into community 
and network ecology (Kéfi et al., 2015, 2016; Sanders et al., 2014). 
Ecosystem engineering can alter interactions ranging from facilita-
tion to antagonism, and the extent of the effect can vary from simply 
modulating a link between two species, to alter whole ecosystems. 
For example, foundation species have a marked impact on ecologi-
cal communities because their arrival and settlement in an ecosys-
tem generate habitats that allow the subsequent establishment and 
persistence of new species thus creating novel communities (Ellison 
et al., 2005). While the concept of ecosystem engineering is often 
used to describe the consequences that keystone or foundation spe-
cies have on diversity patters, less research has been devoted to un-
derstanding the resulting network structure and its stability.

Such an approach is crucial to understand tightly interwoven 
networks of species and their interaction with the abiotic environ-
ment, both of which are changed by human impact. This understand-
ing will help to estimate the potential for cascading effects following 
the loss or invasion of engineering species and will ultimately help 
determine stability measures such as ecosystem resistance and resil-
ience to perturbations. Multilayer networks have been used to map 
different types of species interactions such as trophic and mutualis-
tic (Pilosof et al., 2017), but studies that have considered ecosystem 
engineering (or habitat modification) at the network level are still 
very limited (but e.g. Kéfi et al., 2015; Olff et al., 2009; van der Zee 
et al., 2016). Therefore, here we use a literature review to synthesize 
existing knowledge into a conceptual framework (Figure 1). Based on 
this current scientific understanding, we conceptualize and review 

major pathways by which ecosystem engineering alters the struc-
ture of interaction networks. We then discuss the consequences of 
engineering impact for community stability.

2  |  ENGINEERING ALTERS NET WORK 
STRUC TURE

Interaction networks describe complex assemblages of interacting 
species. As such they have become a crucial tool for modern commu-
nity ecology to study natural systems and their response to human 
impact. To allow the comparison of different types of networks, net-
work structure or topology can be measured with metrics (Montoya 
et al., 2006).

To link engineering impact to network or food web responses, 
we searched the literature using a set of search strings in Web of 
Science (see Appendix S1). We only included primary research that 
measured the response of the community or network structure 
to the impact of an engineer species, resulting in 36 studies (with 
two studies reporting each two separate engineer impact cases). 
For each study, we extracted information about engineer identity, 
whether it was native or exotic, the community/food web/network, 
the engineer classification (habitat forming, habitat modification, 
bioturbation as classified by Romero et al., 2015), the main outcomes 
for diversity and the structure of the network or food web, such as 
network metric(s) and functional composition that have been mea-
sured (Figure 2). A list of the studies and the extracted data are avail-
able from the Dryad Digital Repository (https:// doi. org/ 10. 5061/ 
dryad. z34tm pgnw).

Most studies were conducted in aquatic environments (16 ma-
rine 2 and freshwater), which was followed by terrestrial food webs 
(11), plant- pollinator networks (3), and four extra studies, two on 
microbial communities and another two using theory. The main doc-
umented engineers were habitat formers with 23 cases, 12 perform-
ing habitat structural modifications, and 3 bioturbation (Figure 2). 
Thirty- six cases provided data about the impact of ecosystem en-
gineering on diversity. In 27 cases, the authors reported increased 
species richness in the engineered habitat compared to controls 
without the engineer. Three studies found a negative impact on 
diversity, one study a variable effect, and five studies reported no 
changes. We found information about network or food web struc-
ture responses in 32 cases (Figure 2). These include link density (net-
work degree), connectance (the proportion of realized links in the 
web), centrality (quantifies the extent to which species are central to 
the network in term of number of links) and nestedness (the degree 
to which specialist are using a subset of interactions provided by 
more generalist species). Studies also reported functional richness 
and changes to predator trophic levels (biomass and richness).

Based on the variety of network/food web level responses re-
ported in the literature (see Figure 2), we conceptualize and review 
pathways by which engineering affects ecological interaction net-
works. We suggest three major pathways: (i) resource availability 
and changes to energy flow in the system, (ii) habitat heterogeneity 
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4  |    SANDERS and FRAGO

and (iii) environmental filters (Figures 1 and 2). Most engineering im-
pacts reported here represent a combination of those processes but 
often we can identify the main pathway that leads to major changes 
in diversity and network structure of engineered communities.

2.1  |  Resource availability and energy flow

Ecosystem engineers can concentrate or dilute abiotic resources, 
such as water and minerals (Jones et al., 2010), or organic matter 
(e.g. Law et al., 2016). Some species such as benthic invertebrate 
shredders (Moore, 2006), earthworms (Eisenhauer, 2010) or crabs 
(Kristensen, 2008) do so through increased decomposition rates of 
litter via physical fragmentation and bioturbation in sediments and 
soil. Examples of engineers influencing resources also include the 
trapping and storage of dust, litter, detritus or water mostly by both 
terrestrial and aquatic plants (Cheng et al., 2021; Graham, 2004; 
Hoffman et al., 2016; Law et al., 2016). Controlling resource avail-
ability can be considered as an environmental filter pathway (if this 
drives survival through the species' fundamental niche) or as chang-
ing or redirecting the flow of energy thereby boosting certain food 
chains or trophic levels. The change in resource distributions can 

lead to a net increase or decrease in the availability of mineral nutri-
ents and a long- term increase or decrease in primary production via 
node modulation at the base of the food web (Sanders et al., 2014).

In most cases, engineering effects through resource availabil-
ity increase diversity with consequences for network metrics, with 
overall little evidence for a negative impact on diversity (Figure 2). 
However, dams created by beavers are a good example of how en-
gineers can alter resource availability and energy flows through 
habitat forming and modification, with often negative effects on 
the local diversity. Beaver- induced changes to stream morphology 
change how freshwater resources are distributed throughout the 
river's course with important consequences for macroinvertebrate 
communities, which in turn affect dependent food webs and eco-
system functions. North American beavers (Castor canadensis) were 
introduced to Tierra del Fuego Island in 1946 for their fur and have 
spread onto the South American mainland. A study by Anderson and 
Rosemond (2010) indicate that invasive beaver's engineering activ-
ities resulted in greater flows of terrestrial organic matter subsidies 
to in- stream food webs. In beaver- modified sites, flows of terrestri-
ally derived organic matter (amorphous detritus, leaves and wood) 
to secondary consumers in the benthic food webs were substantially 
enhanced. As a result of the engineering, food web structure was 

F I G U R E  2  Sankey flow diagram showing the number of studies included in this review that investigate the impact of ecosystem 
engineering on interaction networks and the information flow between different categories. Categories include community types (based on 
main marine and terrestrial biomes), the type of habitat impact by the engineering species, the main engineering pathway for each case, and 
the engineering effect on diversity and network metrics. The data are available from the Dryad Digital Repository https:// doi. org/ 10. 5061/ 
dryad. z34tm pgnw.
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    |  5SANDERS and FRAGO

simplified in beaver ponds with only two of the five possible func-
tional groups contributed >1% of total organic matter flow in ponds 
(but see the discussion of positive beaver effects on diversity at a 
larger spatial scale below). Through this effect, beavers can increase 
the connection between aquatic and terrestrial food webs as found 
by Nummi et al. (2011) who reported larger bat abundances on flow-
ages where beavers were present. Such changes to stream macro-
invertebrate communities and their cascading effects suggest that 
recolonization of beavers across North America and as exotic spe-
cies in other parts of the world may be profoundly altering stream 
functioning and food webs.

Several examples of ecosystem engineers altering flows of re-
sources and energy come from marine ecosystems whereby reef- 
forming species capture sediments and both organic and inorganic 
matter to create novel ecosystems and trophic networks. Such filter 
feeders tend to have a marked impact on the energy flows in a sys-
tem by removing nutrients from the water column and making these 
available for benthic communities (e.g. Christianen et al., 2017). Two 
examples from our literature review involve the tube- building worm 
Lanice conchilega, which transfers carbon and organic matter from 
the water column into seabed trophic webs thereby increasing the 
energy flow through the food web substantially. The presence of 
this species triggers dramatic shifts in macrofaunal species composi-
tion and network structure with a higher number of links but lower 
connectance (De Smet et al., 2016), even if a study using stable iso-
topes revealed that basic trophic metrics remained unaltered by the 
presence of the worm (De Smet et al., 2015).

Bioturbation effects on ecological communities tend to act 
through changes in resource availability and energy flow. An ex-
ample of this pattern comes from a report by Sanders and van 
Veen (2011) who studied the impact of ant colony presence within 
grassland food webs. They found that through bioturbation in and 
around their mounts, ants increased the abundance of main decom-
poser and herbivore groups which then resulted in higher abundance 
and diversity of spiders as main generalist predators. This positive 
bottom- up cascade through engineering was counteracted of ants 
also acting as generalist predators. Another example highlights the 
strong impact of bioturbation on the redirection of energy flow in 
food webs. The non- native polychaete worm Marenzelleria arctia in-
vaded Baltic Sea benthic environments becoming a dominant eco-
system engineer in many areas. This species modifies the physical, 
chemical and biological characteristics of bottom sediments through 
bioturbation and bioirrigation (flushing of worm burrows with water) 
and stimulate the decomposition of organic matter by worms and 
microorganisms. M. artica has a marked impact on the energy flow 
in the system moving resources away from the main food web in-
cluding macroinvertebrates and fish to a new offshoot food chain. 
This food chain does not provide energy transfer from autochtho-
nous and allochthonous organic matter to the upper trophic levels 
and as a consequence negatively affects fish abundances (Golubkov 
et al., 2021).

Engineering and trophic impacts are often intertwined. Two 
studies highlight how ecosystem engineer species can provide 

habitat, while also driving nutrient availability as engineers and tro-
phic resources resulting in highly diverse habitats. The giant kelp 
Macrocystis pyrifera is creating highly diverse kelp forests primarily 
through the provision of energy and habitat (Graham, 2004). Kelp 
forests in North America are dominated by Macrocystis pyrifera, a 
brown algae species that can grow to more than 40 m and alter cur-
rent flow and velocity, sediment deposition and sediment stabiliza-
tion. This important engineer creates one of the most productive 
and diverse marine ecosystems. Kelp forests are the backbone of 
these ecosystems, and their disappearance leads to low diversity, 
species- poor barrens (Rogers- Bennett & Catton, 2019). By compar-
ing the food webs of kelp forests with areas of localized giant kelp 
deforestation, the author of this report concluded that many species 
were found exclusively in forested areas. Most of these associations 
were clearly identified as trophic and/or structural associations 
with giant kelp itself, but kelp acted as a source of fixed carbon for 
other producers through either direct grazing or the production 
of phytodetritus. Primary, secondary and tertiary consumer levels 
therefore increased in density and diversity. With deforestation, the 
source of primary production shifts from primarily kelps to ephem-
eral microalgae, macroalgae and phytoplankton. Archer et al. (2020) 
studied the impact of reef- building sponges providing structure and 
capturing large amounts of carbon from the water column as foun-
dation species on food web structure. These sponges too have a dual 
role as ecosystem engineers and being at the base of the food web 
they enable. In their study, several metrics of food web topology (e.g. 
connectance and link density) increased when sponge cover reached 
a certain threshold. Below this threshold consumers relied on fewer 
sources and were consumed by fewer predators, resulting in food 
webs that were more clustered (higher number of subnetworks) and 
less connected. Above the threshold, food webs were less clustered 
and more connected, with primary consumers becoming more gen-
eralist while at the same time having more predators.

The impact through the modification of resource availability and 
energy flow can markedly restructure communities (e.g. both above-  
and below- ground communities, see St. John et al., 2012), often with 
significant changes to consumer assemblages, interaction strength 
and network structure (Jones et al., 2021). Engineers can redirect en-
ergy flows, either increasing or decreasing resources for primary and 
secondary consumers. This can trigger bottom- up cascading effects, 
often leading to major changes at higher trophic levels (e.g. preda-
tor diversity and biomass). Further, asymmetries in productivity and 
turnover rates between energy channels in food webs can increase 
community stability driven by the behaviour of consumers switching 
between food web channels (Rooney et al., 2006). Because many 
engineers affect energy flows and productivity, they may well con-
trol heterogeneity of distinct energy channels with differential dy-
namic properties and hence food web stability (Sanders et al., 2014). 
Controlling resource availability may also have knock- on effect on 
communities via productivity—diversity relationships, which can 
have different shapes ranging from neutral to negative and positive 
depending on the system and the spatial scale that is investigated 
(Brun et al., 2019; Craven et al., 2020).
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6  |    SANDERS and FRAGO

2.2  |  Habitat heterogeneity

Habitat heterogeneity and amount are two important factors pro-
moting biodiversity (Heidrich et al., 2020) with concomitant effects 
on the formation of ecological interaction networks. Habitat hetero-
geneity and structural complexity usually promotes species richness 
by providing a larger range of niches as abiotic conditions (also see 
environmental filters), refuges and resources become more diverse. 
These conditions allow more species to coexist, reduce extinction 
risk and ultimately promote speciation (Stein et al., 2014). However, 
evidence of negative or neutral effects of habitat diversity on spe-
cies diversity exist (e.g. different groups in Heidrich et al., 2020). This 
is likely due to a trade- off between habitat amount and heteroge-
neity. Below a certain threshold of a required habitat type, species 
are less likely to persist because resource quality also decreases and 
critical resources may be lacking (Samways et al., 2010). Ecosystem 
engineers may alter habitat heterogeneity by providing novel habi-
tats thus diversifying the available niche space in a particular eco-
system, while they may also increase habitat amount by expanding 
an already available ecological niche. This means that we can expect 
a strong positive effect of the engineer on richness at the landscape 
scale when the quality or quantity of engineered patches support 
species that could not survive otherwise. In a literature review, 
Crooks (2002) suggests that the heterogeneity–niches relationship 
can be used to predict the impact of exotic engineers: if they increase 
habitat complexity or heterogeneity they tend to cause abundances 
and/or species richness to rise (e.g. Davoult et al., 2017), while those 
that decrease complexity tend to have the reverse effect.

The creation of habitat heterogeneity is a main driver for en-
gineer impact on the structure of ecological networks (Figure 2). 
Two studies explicitly manipulated structural complexity artificially, 
which allowed to test for the effect without any confounding fac-
tors. Adding artificial structure in the form of wire constructs in-
creased spider predation and biomass (Miyashita & Takada, 2007) 
while artificial reefs changed networks compared to bare controls 
(Nauta et al., 2023). In the latter study, species richness (+76%), 
link density (the number of interactions per species; +15%) and the 
fraction of basal species (species of lowest trophic level; +40%) was 
increased, but the artificial reef lowered network connectance by 
33%. The effects on food web structure increased over time with 
a higher species richness (+22%) and more complex food web (link 
density +13%) on the artificial reef 2.5 years after deployment com-
pared to 1.5 years (Nauta et al., 2023). In other studies, authors 
estimate network metrics in natural habitats with or without en-
gineering species with similar outcomes for species richness and 
network complexity. The most commonly used measure was link 
density (Figure 2), which tends to increase in engineered habitats, 
indicating that species have access to more resources and resources 
are exposed to a higher diversity of consumers. For example, van 
der Zee et al. (2016) measured links per species and network con-
nectance along a gradient of natural habitat restoration from bare 
habitats to established communities in two coastal ecosystems, a 
seagrass meadow and saltmarsh habitat. The engineering effect was 

provided by foundation plants (e.g. Spartina alterniflora) that settle 
in bare soils, and by stabilizing the substrate and through shading 
allow the settlement of many other species. Even if in this exam-
ple the engineer alters resource availability and energy flows too, 
the main impact on networks was through increased heterogeneity. 
Un- engineered habitats had low species richness, whereas the suc-
cession of engineering species settlement led to communities with 
several plant species and associated herbivores. The authors found 
that the increase in engineering species concomitantly increased the 
number of trophic interactions and link density (i.e. the number of 
interactions per species), while network connectance decreased. 
The latter effect of decreased connectance is likely the result of in-
creased diversity because small networks harbour a higher propor-
tion of generalists so that species interact more tightly.

Several studies focus on how heterogeneity brought by ecosys-
tem engineers alter specific interactions like competition or facili-
tation between species. These studies are important because they 
point to engineering altering specific links within networks and allow 
for a mechanistic understanding of engineer species as modulators 
of network structure. It has been shown that engineering can pro-
mote biodiversity by providing habitats where poor competitors can 
escape competitive exclusion (Liautaud et al., 2020). Beaver dams, 
for example, increase habitat heterogeneity by creating variability 
along the river flow and in the nearby terrestrial ecosystems (Naiman 
et al., 1986; Stringer & Gaywood, 2016). The heterogeneity created 
by such dams can alter network structure, for example by changing 
the balance in competitive strength between species. This has been 
shown for the ducks Anas platyrhynchos and A. penelope (Nummi & 
Pöysä, 1997) and the sandpipers Tringa ochropus and Actitis hypoleu-
cos (Nummi et al., 2021): in each pair, the inferior competitor becom-
ing dominant in the presence of beaver dams. Habitat engineers that 
create heterogeneity through novel structures can also alter trophic 
networks (Jankowska et al., 2019; Jones et al., 2021) and functional 
diversity (Jankowska & Włodarska- Kowalczuk, 2022). The provi-
sion of refuges can increase or decrease consumer pressure over 
resources (e.g. Orwin et al., 2016), depending on who benefits. The 
beetle Elaphidion mimeticum creates holes on mangrove trees that 
can be subsequently used as refuges by mangrove tree crabs, Aratus 
pisonii, leading to an increase in crab herbivory on mangrove plants 
(Griffen et al., 2017). Gall forming species on plants often provide 
shelter for natural enemies, thereby increasing top- town control. 
Galls produced by the nematode Ditylenchus increased the abun-
dance of predatory and parasitic arthropods with consequences 
for herbivore suppression (Pereira et al., 2021). Wetzel et al. (2016) 
suggested that spiders use galls produced by the wasp Andricus quer-
cuscalifornicus as refuges, which led to changes in the composition 
of herbivore populations on the studied trees. By experimentally re-
moving galls (structures that provide habitat for aphids) made by the 
psyllid Baccharopelma dracunculifoliae, Barbosa et al. (2019) demon-
strated that galls had a negative effect on parasitism of the psyllid, but 
the effect was modulated by aphid inquilines inhabiting abandoned 
galls. Engineering can also provide refuges for prey, which then re-
duces consumer- prey interaction strength with potential beneficial 
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    |  7SANDERS and FRAGO

impacts on prey diversity (Alvarez- Filip et al., 2011). Increased en-
gineered habitat structure can support prey, increase the flow of 
energy to higher trophic levels, and thereby increasing predator 
richness (Wyckhuys et al., 2017) or predator biomass and body size 
(Breviglieri et al., 2019) and food chain length (Duarte et al., 2015). 
Therefore, engineering physical complexity and heterogeneity are 
likely to modify the way species interact with consequences for spe-
cies persistence in the community.

Some studies report the dependency of community structure 
on the amount of engineered habitat and demonstrate changes in 
network structure along gradients of ecosystem engineer density. 
In these studies, the engineering effect becomes apparent only 
above a certain threshold in the density of the engineering spe-
cies. Examples include variations in ecosystem engineer density 
across the distributional ranges of engineering species (Alvarez- Filip 
et al., 2011; Archer et al., 2020; Jankowska et al., 2019) or part of 
eradication programs to remove invasive engineering species (e.g. 
Siple & Donahue, 2013). Despite the trade- off between habitat 
amount and heterogeneity for sustaining biodiversity, most studies 
included here report a positive effect mainly through the heteroge-
neity pathway. The responses through increased species richness, 
tends to lead to higher network complexity in these studies in terms 
of increased link density and higher functional richness.

2.3  |  Environmental filter

The environmental filtering concept recognizes that not all organ-
isms will be able to successfully establish and persist in all abiotic 
conditions (Kraft et al., 2015). Therefore, the environment is act-
ing as a selective force, excluding species from habitats that don't 
meet the requirements for survival, that is the conditions are outside 
their fundamental niche. Environmental filtering is considered to be 
important for explaining community assembly, and, for example, 
has been shown to drive island species–area relationships through 
an increased variety of environmental filters in larger islands (Liu 
et al., 2020). By modifying abiotic conditions, ecosystem engineers 
can control environmental filtering. Some engineer species add 
strong filters, e.g. changing soil acidity and other properties to out-
compete other species (Osunkoya & Perrett, 2011), while others 
allow the establishment of certain species. Classic examples of en-
vironmental filtering by engineers come from nurse and foundation 
plants (Filazzola & Lortie, 2014), which attenuate external physical 
stressors thereby creating suitable habitats for other species and 
facilitate their establishment. Wilson and Peltzer (2021), reported 
that both grasses and woody plants engineer soils by changing the 
availability of water and nitrogen through positive feedback loops, 
which can lead to the exclusion of the other group. Grasses thus 
change soil properties to prevent colonization by woody plants, 
but once woody plants invade similar positive loops allow their ex-
pansion. Such engineering effects are therefore key to understand 
changes in facilitation and competitive interactions in plant commu-
nities, and ultimately state changes from grasslands to woodlands. 

A study by Rogers- Bennett and Catton (2019) showed that filter-
ing through shading can have facilitative effects. By exposing a 
total of 46 grassland species to different levels of shading, and by 
measuring their growth after 10 weeks, the authors of this study 
found that reducing daylight at 50% significantly increased overall 
plant biomass and benefited a large proportion of the plants stud-
ied. However, this engineering effect has also been show to exclude 
plants (Callaway, 2007), therefore being a powerful factor in driving 
plant communities.

Initial impacts through environmental filtering on plant commu-
nities can further restructure the wider network of species inter-
actions. For example, foundation plants can impact plant- pollinator 
networks (Losapio, Norton Hasday, et al., 2021). These foundation 
species engineer soils and increase shading ultimately promoting the 
settlement of other plant species that provide rich mutualist habi-
tats thereby leading to an increase in some network metrics such as 
generalism in plants and pollinators, network nestedness and overall 
diversity (Losapio, Schmid, et al., 2021). The experimental addition 
of the Mediterranean bush Cistus albidus, which can influence plant 
communities as nurse shrub (Gómez- Aparicio et al., 2004), to local 
plant communities, increased both plant and pollinator diversity 
leading to a more nested and generalist plant- pollinator network 
(Hernández- Castellano et al., 2020).

Significant changes to environmental conditions can reduce spe-
cies abundance, exclude species completely and simplify food webs. 
Washko et al. (2020) quantified differences in the macroinvertebrate 
community between unaltered segments of streams and within bea-
ver ponds in north- eastern Utah. They suggest that the main changes 
to the environment are finer sediments and lower oxygen levels in 
beaver ponds. Relative to lotic reaches, beaver pond communities 
had 25% fewer species, 75% fewer individuals and 90% lower total 
macroinvertebrate biomass. There were distinct shifts in functional 
feeding groups too, with beaver ponds containing mainly engulfers 
such as caddisflies and Chironomidae larvae, whereas lotic reaches 
contained more scrapers, filterers, and gatherers. Engineers can ex-
pand the range of abiotic conditions and allow novel species to es-
tablish and restructure existing food webs. Christianen et al. (2017) 
show the marked impact of shellfish reefs on food web structure by 
modifying hydrodynamics and sediment grain size. These changes 
in abiotic conditions (and environmental filters) led to shellfish reefs 
having consistently higher link density values and top predator 
abundances, while both connectance and the richness of interme-
diate species was lower. Species richness (+42%), species density 
(+79%) and total biomass of benthos, fish and birds (+41%) was also 
higher on shellfish reefs. These examples show that the impact of 
engineers through environmental filters on networks is likely medi-
ated by the strength and spatial distribution of those filters. Strong 
and widespread filters that exclude the majority of species may lead 
to simplified networks while a mosaic of environmental conditions 
and filters may lead to increased diversity and network complexity 
at the landscape level. As we discussed in the previous sections, the 
different pathways by which engineers impact networks are often 
intertwined. Environmental filtering is possibly the pathway most 

 13652435, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2435.14608 by C

ochrane France, W
iley O

nline L
ibrary on [01/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



8  |    SANDERS and FRAGO

difficult to assess in isolation because it often acts in combination 
with habitat heterogeneity.

2.4  |  Synergies and trade- offs between 
engineering and network structure

The finding that positive effects of ecosystem engineering on di-
versity were generally linked to increased network complexity, sug-
gest that ecosystem engineering via all three pathways can be an 
important driver of network structure (Figure 1). An important ele-
ment to consider when studying such effects is the scale at which 
ecosystem engineers impact them. At the local level, engineers can 
switch habitat conditions and reduce local diversity (e.g. Schlatter 
et al., 2019), but at the landscape scale they may trigger dramatic 
diversity gains. Beaver ponds can harbour simplified communities 
(Washko et al., 2020), but at the larger scale, each dam allows the 
settlement of few new species thus increasing the overall pool of 
species in a given ecosystem (Wright et al., 2002).

As discussed in the framework by Sanders et al. (2014) changes 
to the environment can impact networks via node and link modula-
tion, and affecting various proportions and parts of the network. For 
example, Baiser et al. (2013) found in their food web simulations, that 
the trophic position of the species that were facilitated by the foun-
dation species had important consequences for food web structure 
and stability. When only basal species (e.g. plants) were facilitated, 
the resultant food webs were complex, species- rich and robust to 
foundation species removals. In contrast, when higher trophic lev-
els (consumer species) were facilitated, the food webs turned out 
species- poor with low complexity (e.g. connectance) and low robust-
ness. So far, we lack empirical evidence for these stark difference in 
outcomes, however theoretical models can be essential to provide 
clear testable hypotheses. Many examples included in this review 
studied the impact of habitat forming species, which are clearly cru-
cial for the community of that habitat allowing for the coexistence of 
a wider range of species and increase the complexity of interaction 
networks. These outcomes are in agreement with the results of a 
meta- analysis providing strong evidence of positive engineering ef-
fects by animal species on diversity in general (Romero et al., 2015).

An important element for the persistence of engineer popula-
tions (and thereby the continuous provision of the engineering im-
pact) is their trophic control by natural enemies. Such trophic control 
of ecosystem engineering can cascade over multiple trophic levels. 
A clear example comes from kelp forests in which the shift from di-
verse forests to barrens is often triggered through top- down pres-
sure when sea urchins, the main consumers of M. pyrifera, become 
very abundant (Tegner & Dayton, 2000). In this ecosystem, another 
layer of top- down control comes into play when urchin outbreaks 
are controlled by sea otters or disease (Smith et al., 2009, 2021). A 
similar example comes from ants predating on termites. Dead wood 
is an important sink for carbon, a source of organic matter in the 
soil that ultimately alters plant communities. By accelerating this 
transition, wood- decomposing termites engineer soils, sometimes 

to a greater extent than microbes (Franklin et al., 1987). By feed-
ing on termites, predatory ants can regulate their populations, and 
as a consequence alter wood decomposition, soil mineralization 
and ultimately the dynamics of plant and herbivorous communi-
ties (Tuma et al., 2020). All the above examples demonstrate the 
interconnectivity of trophic and engineering interactions and their 
combined importance for key ecosystem processes Complex inter-
actions between engineering and feeding impacts can arise leading 
to unexpected overall net impacts. Zhong et al. (2021) found that 
plants obtained resources from soil minerals that were made avail-
able by ant bioturbation and are consumed by herbivores. This study 
showed that while herbivory had strong effects on plant biomass, 
this loss was fully offset by ant engineering soil resources (through 
burrowing and aeration of the soil) that allowed plants to reallocate 
biomass to lost parts. A similar offsetting effect was found in another 
study in which burrows created by Australian digging mammals had 
a positive effect on scorpions through provisioning of breeding sites, 
but at the same time burrows reduced the prey availability for scor-
pions (Gibb et al., 2021). While engineering and trophic effects of 
the engineer on the community work in different directions, such 
effects can also be aligned as shown with kangaroo rats with both 
engineering and non- engineering increasing local diversity (Prugh 
& Brashares, 2012). While these studies provide us with insights 
into the importance of ecosystem engineering for the dynamics of 
natural systems, we need to develop a mechanistic understanding 
of the positive and negative impacts by different ecosystem engi-
neers, single and combined with different engineering pathways and 
magnitude.

3  |  ECOSYSTEM ENGINEERING AND 
ECOLOGIC AL STABILIT Y

Ecological stability is a multidimensional concept that aims to cap-
ture many non- independent aspects of ecosystem dynamics in-
cluding temporal and spatial variability, compositional turnover, 
invasions, and the responses to perturbations (i.e. resistance, re-
silience and recovery; Donohue et al., 2013, 2016; Xu et al., 2022). 
While rarely explored in this context, ecosystem engineers are cen-
tral to many aspects of stability. Through their impact on resource 
availability, habitat heterogeneity and environmental filters, eco-
system engineers have a key role in the process of community as-
sembly and dynamics (Archer et al., 2020; Baiser et al., 2013; Yeakel 
et al., 2020). Higher diversity, as a result of engineering impact, is 
likely correlated with increased stability of ecological dynamics and 
functions (e.g. Liu et al., 2022), however, this may not be the case 
for all aspects of stability (Pennekamp et al., 2018). A lot of knowl-
edge on the diversity- stability relationship comes from studies with 
grassland communities, where increased species richness is linked 
to the maintenance of complex plant communities over time (Liang 
et al., 2022) and as a consequence of the stability of primary produc-
tion (Craven et al., 2018). In these studies, diversity also increased 
ecological resilience (another measure of stability) by buffering the 
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    |  9SANDERS and FRAGO

negative impacts of perturbations such as climate variability on spe-
cies loses (Oliveira et al., 2022). Yeakel et al. (2020) used a theoretical 
approach to study how ecosystem engineering affects the dynamics 
of community assembly. The authors found that increasing the num-
ber of ecosystem engineers in their model reduced the likelihood 
of extinctions leading to increased network stability (i.e. a smaller 
number of extinctions). As the number of engineers increased, mean 
rates of primary extinction first increased and then declined with 
the likelihood of secondary extinctions (i.e. follow- on extinctions 
triggered by primary extinctions) systematically declining. At low 
engineer numbers, additional resources for consumers provided 
by engineering increased the vulnerability of prey leading to more 
primary extinctions. However, when engineers were more common, 
the available niche space expanded, lowering competitive overlap 
among consumers and suppressing both primary and secondary ex-
tinctions (Yeakel et al., 2020). Redundant engineering thus increased 
the temporal stability of species' niches and played an important role 
in promoting diversity. It has been highlighted, that species coexist-
ence is driven by occupation of different niches rather than fitness 
differences between species (e.g. Buche et al., 2022). Therefore, 
niche space expansion appears a key mechanism by which ecosys-
tem engineers promote diversity and prevent extinctions.

An ongoing debate about the relationship between the complex-
ity of ecological communities and their stability (De Angelis, 1975; 
Hatton et al., 2024; May, 1972; McCann, 2000) points to the neces-
sity that natural interaction networks must have some contrasting, 
non- random structures that allow them to persist despite their com-
plexity (Bascompte, 2010). Several network metrics have been linked 
to increased stability. For example, nestedness is thought to provide 
robustness to extinctions in mutualistic networks, because abundant 
core generalist species buffer against extinctions of more special-
ized species (Rohr et al., 2014). In contrast to mutualistic networks, 
food webs appear stabilized by increased compartments or clusters 
(Thébault & Fontaine, 2010). These contrasting architectures may 
be linked to indirect interactions: negative indirect effects of appar-
ent competition could restrict the sharing of interacting partners. To 
prevent cascading extinctions in food webs such negative effects 
need to be limited to given network nodules and can thus promote 
lower connectance and high modularity. In contrast, positive indirect 
effects in mutualistic networks should favour a more connected and 
nested architecture (Thébault & Fontaine, 2010). Foundation plants 
have been shown to trigger an increase in nestedness in mutualis-
tic plant- pollinator networks (Losapio, Schmid, et al., 2021), thereby 
likely increasing network stability and the provision of pollination. 
In our literature review, this pattern was common as in many cases 
the overall number of links between species in a network and links 
per species clearly increased when ecosystem engineers promoted 
an increase in species richness. This means primary and secondary 
consumer species in engineered food webs have a wider range of 
resources, a network feature likely to increase stability through 
increased functional diversity and redundancy (Biggs et al., 2020). 
The inclusion of additional engineer species may further increase 
stability to engineer extinctions as crucial engineering processes 

are provided by more than one species. Redundancy combined with 
a positive effect of engineering on resource availability leads to a 
larger number of niches, often to higher trophic diversity and lon-
ger food chains. The response of connectance in the food webs ap-
pears to be more variable across studies. Reduced connectance in 
engineered habitats with higher species richness can be explained 
by two factors. First, many studies compare the situation of a foun-
dation species creating a diverse habitat with simple un- engineered 
habitats. In these simple habitats a small number of species inter-
act more tightly as they harbour a higher proportion of generalists, 
or they rely on the only few resources available. Second, there is 
evidence that if connectance is too high, this can destabilize com-
munities through indirect negative interactions as explained above. 
Ecosystem engineering may play an important role in driving the 
relationship between connectance and stability. The provision of 
structure and niche space can increase species coexistence and 
change the strength of interactions between consumers and their 
resource (e.g. predator-  prey) thereby allowing for a higher number 
of weaker interactions. More research is urgently needed to demon-
strate if this prediction holds, particularly because some engineering 
species can indeed reduce diversity and resources available at the 
community level (e.g. Zhang et al., 2004).

Ecosystem engineers control key processes that maintain the 
current physical state of the environment, that is moisture, light, nu-
trient levels thus reducing variability in a wide range of non- trophic 
and consumable resources (Jones et al., 2010; Sanders et al., 2014). 
When external conditions like temperature or water availability vary 
dramatically, engineers often buffer such changes and prevent spe-
cies to fall outside their fundamental niche. The loss of rabbits due 
to disease in the UK caused the extinctions of the Maculinea butter-
fly through a substantial change in microclimate caused by higher 
vegetation in grassland habitats (Thomas et al., 2009). Rabbits keep 
the turf low and thereby increasing soil level temperature, allowing 
specific Myrmica ant species, which are obligate hosts for the but-
terfly larvae, to thrive. This meant that the decline of rabbits led to 
increased plant vegetation, unfavourable abiotic conditions for ants 
and the extinction of blue butterflies. Another example of crucial 
engineers' impact comes from animals that control the amount of 
standing plant biomass, for example through grazing. They act as 
agents in fire regimes by reducing the amount, structure and con-
dition of fuel available for combustion, thereby decreasing the like-
lihood of bush fires (Foster et al., 2020). On the contrary, species 
like pine bark beetles (Dendroctonus sp.) can promote the spread of 
wildfires by killing extensive patches of trees (Foster et al., 2020). 
These two contrasting cases exemplify the fact that the part of the 
physical environment being altered and controlled by the engineer 
is crucial to assess the effect of engineers on buffering against ex-
ternal forces or not.

Ecosystem engineers can have widespread impacts with 
whole community depending on the engineering effects of a 
single species. This means their invasion or loss can trigger cat-
astrophic shifts and examples include cascading effects on spe-
cies diversity and community structure following the loss of 
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10  |    SANDERS and FRAGO

iconic ecosystem engineering species like corals or kelp (Buse 
et al., 2008; Chowdhury et al., 2016; Fontes et al., 2020; Hoffman 
et al., 2016; Rossi et al., 2013), or the extinction of prairie dogs 
(genus Cynomys; Kotliar et al., 1999). Prairie dogs that were 
once among the most abundant mammalian herbivores in North 
America have been decreasing dramatically particularly due to 
the exotic sylvatic plague, against which they are highly sensi-
tive (Smith et al., 2009). The decline in prairie dogs has been fol-
lowed by declines of many other species, likely due to the loss 
of the habitat that these mammals create through burrowing and 
grazing activities (Kotliar et al., 1999). Another example of such 
a cascading extinction comes from the semi- arid northern Negev 
Desert. In this ecosystem, a dramatic decline of the facilitating 
engineer shrub Noaea mucronate during very dry periods, led to 
significant declines in overall plant diversity at different scales 
(Hoffman et al., 2016). Even declines in the population size of an 
engineer species can lead to the loss of the engineering impact 
thus triggering extinctions as shown by (Säterberg et al., 2013) 
who reported that functional extinctions can drive diversity loss. 
Considering these examples, we can expect a marked impact on 
communities when engineering species are added or lost, for ex-
ample through range expansion, invasion, or species extinction. 
As we discussed in the previous section, the resilience of a sys-
tem will rely of the functional redundancy of key engineering pro-
cesses, with “back- up” species providing a buffer against losses. 
This knowledge is important to understand how engineering can 
help or hamper adaptation to future conditions of climate change 
and habitat change. Engineering traits and functional redundancy 
in those traits provided may offer an opportunity for developing 
conservation strategies that address future challenges. These 
challenges include cascading extinctions where directly and indi-
rectly linked species (by any type of interaction) become extinct 
through knock- on effects within networks (Kehoe et al., 2021).

Exotic engineer species are often associated with reduced diver-
sity in engineered habitats as they may disrupt native community 
structure (Emery- Butcher et al., 2020). However, this may not be a 
general pattern but very much depends on the consequences of the 
engineering. For example, Romero et al. (2015) found no evidence 
for exotic engineer species having a different impact to native spe-
cies in their meta- analysis. Similarly, our review suggests that spe-
cies richness and network complexity can stay largely unchanged, 
be increased or reduced when exotic engineers arrive in a new 
habitat. Again, this depends on the impact by the exotic engineer 
either increasing or decreasing habitat heterogeneity or nutrient 
availability (Crooks, 2002). For example, the algae Didymosphenia 
geminate reaches large densities when settles as invasive species. 
This species is an engineer through the creation of dense filamen-
tous mats and it reduced diversity because many local fauna is not 
capable of moving in these thick structures, thereby reducing the 
available habitat and resources (Ladrera et al., 2018). Native eco-
system engineers can promote invasions by exotic species (Bandano 
et al., 2007; Kleinhesselink et al., 2014; Wright et al., 2016) or in-
crease resistance to invasions (Corenblit et al., 2014). Cushion plants 

can enable exotic plants to get established especially at higher el-
evations, suggesting that ecosystem engineering by native species 
can promote biological invasions especially in harsh environments, 
leading to higher abundances of invaders than those expected in the 
absence of engineers (Bandano et al., 2007). In contrast, Corenblit 
et al. (2014) found that habitat engineering by woody plants through 
increased elevation and sediment in riparian habitats increased the 
resistance of plant communities to invasion by exotic species during 
biogeomorphic successions. This shows that ecosystem engineering 
by acting on community assembly is likely to modulate the invasion 
of native habitats.

4  |  CONCLUSIONS

Engineer species are an important driver of network structure and 
stability. The engineering effects can often be the backbone of an 
ecosystem with the loss of the engineer species causing significant 
changes. This is pronounced for ecosystem engineers that facilitate 
other habitat modifiers thereby markedly increasing habitat com-
plexity (e.g. Angelini & Silliman, 2014; Borst et al., 2019). In this case, 
in a hierarchy of facilitative interactions, a basal habitat former (e.g. 
tree) creates living space for an intermediate habitat former (e.g. 
moss) that in turn creates living space for focal organisms. Such 
habitat cascades often enhance species abundance and diversity in 
ecosystems such as forests, salt marshes, seagrass meadows, and 
seaweed beds (Thomsen et al., 2010). A study demonstrating how 
invasive ants ultimately shift predation preferences in lions (Kamaru 
et al., 2024) further highlights how diverse and interconnected the 
mechanisms driving community interactions can be, being in this 
example a cascade of linked habitat forming, behavioural changes, 
and mutualistic interactions. This underlines the necessity to bet-
ter understand the role of habitat modification in driving ecosystem 
dynamics and stability. Experimental demonstration of the relative 
strength of the main pathways proposed in our theoretical frame-
work (and their effect on community stability), however, is still 
needed for many ecosystems (Figure 1). Yeakel et al. (2020) demon-
strate how the integration of ecosystem engineering into network 
simulation can lead to powerful predictions about the relationship 
between engineering and stability. Theory and empirical evidence 
need to inform each other to move the research field in a direction 
that allows us to understand the true nature of ecological interaction 
networks and their response to perturbations.

Changing climates and habitats will affect the roles that engi-
neers play in maintaining ecosystems, and this should be a priority 
for future research (Coggan et al., 2018). Ecosystem engineers may 
well be key components of communities when restoring disturbed 
habitats and managing conservation areas. Engineering traits such 
as controlling structure, sedimentation, stability of soils, tempera-
ture, moisture levels, wind speed, currents, available resources 
and light levels can help predicting community assembly and sta-
bility. These engineering services or disservices thus need to be 
considered when selecting species to protect, or to be targeted in 
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eradication programs against invasive species. In conservation pro-
grams, for example, species that create habitat heterogeneity and 
novel niches that promote diversity, or the stability of ecosystem 
functionality should be a priority.
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