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1  |  INTRODUC TION

Ecosystem engineers (EEs) play a prominent role in ecosystems 
because they affect the abiotic conditions influential to the biotic 
community (Jones et al., 1994). By influencing the abiotic condi-
tions, EEs alter context- dependent biological responses of resi-
dent species, which in turn influence energy flows and ecosystem 
functions. Ecosystem functions include the physicochemical and 
biological processes that occur within an ecosystem that influence 
life, many of which are directly linked to human well- being, such as 
carbon storage, productivity and nutrient cycling. The positive, but 
non- linear, effect of biodiversity on ecosystem functions is often at-
tributed to the sampling effect, whereby more diverse communities 
have a higher probability of containing species that disproportion-
ately boost ecosystem functions. EEs are surely a key category of 

species that drive the sampling effect due to their broad, outsized 
influence on the systems in which they are embedded. In a meta- 
analysis of EEs, Romero et al. (2015) found that the presence of EEs 
increases species richness by 25% on average, supporting that eco-
system engineering is a highly facilitative process. Thus, quantifying 
EEs and their influences within systems has become a central focus 
to understanding ecosystem processes and functioning (Gutierrez 
et al., 2011; Jones et al., 2010).

In addition to influencing natural ecosystem processes and func-
tioning, EEs are also increasingly recognized as central to efforts to 
restore ecosystem processes that have been altered. Historically, 
many restoration efforts attempted to change the degraded abiotic 
state with the expectation that appropriate species and ecological 
processes will then recover (Palmer et al., 1997). Byers et al. (2006) 
argued to use EEs as a central focus of restoration efforts. This focus 
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Abstract
1. Ecosystem engineers (EEs) strongly influence ecosystems by affecting the abiotic 

properties of a system to which many biota respond. EEs can, thus, be pivotal 
species in restoration by helping to move systems toward desired states much 
faster and more efficiently than direct human intervention on the abiotic state.

2. For EEs to play a central, purposeful role in restoration, it is important to identify 
guiding principles about how the EEs may best be selected and incorporated.

3. I discuss three important aspects to determine (a) where the utility for EEs is high; 
(b) where EEs can most easily establish, are easy to handle and scaling- up their 
use is possible; and (c) how to recognize and value multiple, coupled and trait- 
dependent engineering functions of EEs.

4. Understanding these aspects of EEs should help guide purposeful and efficient 
choices in our approach to restoration.
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fits within the recent, broader recognition of using living organisms 
to do environmental work and engineering processes (Chapman & 
Underwood, 2011). For example, the U.S. Army Corps of Engineers 
has an ‘Engineering with Nature’ program, a large part of which fo-
cuses on using Natural and Nature- Based Features when conducting 
new engineering projects. ‘Living shorelines’ are a tangible example 
whereby an EE, such as a reef- building oyster, is used as an alterna-
tive to traditional coastal defence structures (e.g. bulkheads, sea-
walls), with the benefit that the living organism may keep pace with 
sea- level rise and provide co- benefits, such as habitat provisioning 
(Morris et al., 2019).

The benefit of the EE- centric approach is that EEs change the 
abiotic context of their environments, and thus may help to move 
systems toward desired states much faster and more efficiently than 
direct human intervention on the abiotic state. This approach taps 
into a larger idea of using alternative states and positive feedbacks 
to move systems in desired directions (Suding et al., 2004).

How often are EEs used as a focal point of restoration? Seemingly 
a lot, and certainly well before the term ecosystem engineering was 
coined in the 1990s (Jones et al., 1994; Jones et al., 1997). A his-
torical reason for their widespread use was because EEs are often 
foundational species; thus, to restore a forest, trees were planted; to 
restore a coral reef community, coral were recruited. But what is un-
clear is the degree to which EEs were used explicitly for their role in 
affecting ecosystem processes, as opposed to being used solely due 
to their prominence in the system. It is conceivable that engineering 
was possibly not the leading reason for use of an EE, but rather, re-
storing with a foundational species yielded helpful, but not explicitly 
targeted ‘side benefits’, that is, the ecosystem processes, goods and 
services that EEs helped to facilitate. Increasingly, ecologists have 
argued that explicit recognition, or preferably, actual quantification 
of engineering functions of the species in a system, is helpful to en-
able predictions of how their presence collectively benefits a system 
(Cuddington et al., 2009). As a result, a strong quantitative case can 
be made for making EEs the intentional focus of restoration efforts.

An illuminating example of this is the Eastern oyster Crassostrea 
virginica that creates reefs in the intertidal (and sometimes subtidal) 
zone throughout much of its southern range from the mid- Atlantic 
states in the United States through the Gulf of Mexico and the 
Caribbean (Bahr & Lanier, 1981; Byers et al., 2015). For years, resto-
ration focused on restoring and rescuing the fishery –  building reefs 
for the sake of the oyster itself. However oysters engineer numerous 
ecosystem processes affecting the integrity and health of the estuar-
ies in which they reside, including habitat provisioning for other com-
mercially and recreationally valuable species, shoreline stabilization, 
erosion control, reduction of suspended particles and denitrification 
(Grabowski et al., 2020; Meyer et al., 1997; Newell, 2004; Peterson 
et al., 2003; Piehler & Smyth, 2011). Lenihan and Peterson (1998) 
and Lenihan et al. (2001) experimentally restored different shapes 
and positioning of oyster reefs to examine how the biogenic struc-
ture best modified hydrodynamics to provide optimal filter feeding 
conditions for the oysters and best protected newly settling gen-
erations of oysters from hypoxia. This work also documented the 

multiple influences of oysters as EEs because it quantified their role 
in providing habitat for other commercially valuable species. It was 
calculated that the engineering benefits of oyster reefs, including its 
habitat provisioning for other economically important fishery spe-
cies, provided far greater economic benefit than the oyster's food 
value itself (Grabowski et al., 2012; Grabowski & Peterson, 2007). 
This recognition revolutionized the way the state of North Carolina 
approached oyster restoration. Now the state, and many others fol-
lowing their lead, use multiple factors in deciding where and when 
to build restored reefs.

In addition to the central roles of EEs, it is increasingly recog-
nized that most ecosystems sustain multiple EEs that interact; yet 
only recently have their interactive dynamics been fully investigated 
(Altieri et al., 2007; Bishop et al., 2012; Gribben et al., 2019; Smith 
et al., 2018; Smith et al., 2021). These interactions may be key to the 
EEs' success, as well as producing important synergies that bene-
fit ecosystem processes from the interactions of their engineering 
(Gribben et al., 2019), or antagonisms that diminish net processes 
(Berkenbusch & Rowden, 2003; Gamfeldt et al., 2013; Woodin, 1976; 
Zavaleta et al., 2010). Thus, EEs may be important players governing 
how changes in species diversity affect the provisioning of multiple 
ecosystem processes simultaneously, that is, the multifunctionality 
of ecosystems (Byrnes et al., 2014).

For EEs to play a central, purposeful role in restoration, it is im-
portant to identify guiding principles into how the EEs may best 
be selected and incorporated, and chart a strong empirically based 
approach for their use going forward. This may increasingly include 
considering the ability of EEs and their interactions with other EEs to 
affect multiple ecosystem services and processes. Thus, here I dis-
cuss three important conceptual considerations: (a) how the utility of 
engineering attributes is determined by the ecosystems and biomes 
in which they are embedded, (b) what factors make EE restoration 
most likely to succeed and (c) how to recognize and value multiple, 
coupled and trait- dependent ecosystem processes driven by EEs. 
Understanding these aspects of EEs should help guide purposeful 
and efficient choices in our approach to restoration.

2  |  ABIOTIC CONTE X T GOVERNS THE 
UTILIT Y OF ECOSYSTEM ENGINEERS

Utility in economic terms is the usefulness to a system from the 
supply of a good –  in this case an EE. I suggest that three primary 
factors affect the utility of an EE added to, or boosted within, a sys-
tem: (a) whether the subsequent abiotic changes caused by an EE 
are relevant to the life histories of resident organisms; (b) the back-
ground environmental context, especially how much scope there is 
for change and how stressful the environment is (i.e. how much abi-
otic amelioration is needed); and (c) how much engineering is already 
being done by the same EE or another similar one in the system. The 
maximum utility will manifest when the EE provides a relevant en-
gineering attribute, in a stressful environment, that is not presently 
supplied.
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2.1  |  Relevancy of ecosystem engineers to the life 
histories of resident organisms

Most all organisms are shaped by natural selection to fit the con-
ditions of their environment. The physical environments of all eco-
systems differ, and thus organisms' evolved life histories will vary 
predictably by ecosystem. For example, faunal inhabitants of a tun-
dra will not be selected for arboreal living since the physical struc-
ture that makes that possible is missing from the ecosystem. Thus, 
addition of tall above- ground structure to such an environment (if it 
would even grow there) would be a foreign selective force, unlikely 
to aid many resident native species. The surest way to understand 
what EEs may be important to an ecosystem is to examine its physi-
cal properties and what engineering already occurs (or has recently 
gone missing).

Perhaps the most dramatic contrast to examine differences in 
abiotic conditions, subsequent life histories and expected effects of 
EEs is between terrestrial and aquatic biomes. These contrasts clar-
ify the expectations of the physical modification you might seek or 
expect by EEs in each biome –  not just in terms of restoration, but 
also in terms of the roles natural EEs are playing. Because the phys-
ics of water and air are so different, terrestrial and marine systems 
may exhibit fundamental differences in the ecosystem processes 
that are most modifiable, as well as in the sensitivities of species 
responding to modifications (Table 1). For example, the high specific 
heat of water buffers it from rapid temperature swings and suggests 
that engineering influences like shading will have higher utility and 
importance in terrestrial environments. Also, in terrestrial systems, 
few organisms spend their lives freely suspended above a solid sub-
stratum due to the enormous energy input required. The ecologi-
cal engineering that tends to be important in terrestrial systems is 
structural support, which allows organisms to inhabit the third (ver-
tical) dimension without tremendous energetic cost (beyond the ini-
tial investment in the engineering). Thus vegetation, spider webs and 
bird nests are important engineering for provisioning suspension- 
enabling structure for life in terrestrial realms. In contrast, due to 
water's high density, many aquatic species inhabit the pelagic zone, 
sometimes suspended for their entire lives with no structural aid. To 
be sure, engineered structure is still immensely important in both 
biomes, but it serves very different ecosystem roles for species. In 
terrestrial systems, as discussed, a primary role is structural support; 
while in aquatic systems the primary role is often for crypsis and 
predator refugia (e.g. Wright et al., 2014).

In addition, the abundance of life in the water column means 
that alteration of hydrographics can literally alter the flow and 
input of organisms to locations. Flow modification is one of the 
key physical alterations by EEs in aquatic realms. Flowing water 
upon hitting physical structure can be baffled, slowing water 
and allowing larvae to recruit to benthic habitats (Breitburg 
et al., 1995). Flowing water can also be channelled by physical 
structure into smaller volumes, increasing its flow speed (due to 
conservation of momentum) and enhancing food delivery, and 

thus growth of filter- feeding organisms that extract seston from 
the water (Lenihan, 1999). There are of course flow modifiers in 
terrestrial realms, for example, wind breaks, but because there 
are fewer biological elements occupying the vertical dimension, 
such modifications function more to alter temperature and evap-
oration than modify organismal flows and inputs (Cleugh, 1998). 
Intertidal habitats –  where many nominally marine restoration ac-
tivities occur –  are a hybrid of marine and terrestrial systems. The 
system to which they most adhere depends on the specific tidal 
elevation and tidal amplitude.

In both realms, engineering done by infauna is important, 
but perhaps for slightly different reasons. In both, fossorial ani-
mals dig holes that turn soil, alter water percolation and provide 
refuges. On land, the holes also engineer temperature- buffered 
environments and alter water flow of surface runoff (Eldridge 
et al., 2009). In aquatic environments, burrows stabilize and aer-
ate sediments, and their construction can increase the suspen-
sion (bioturbation) and thus bioavailability of deposited organic 
particles and nutrients (Volkenborn et al., 2009; Woodin, 1976). 
Burrowing and tube building (and the water pumping and irriga-
tion that often accompany them) oxygenate deeper sediments and 
provide refuges (Gray, 1974; Reise, 2002; Rosenberg et al., 2001; 
Woodin, 1978).

Romero et al. (2015) found in non- tropical areas, EEs in aquatic 
environments had higher, positive effects on species richness than 
terrestrial systems. Specifically, EEs in aquatic systems increase spe-
cies richness by 29.7%, whereas in terrestrial ecosystems, EEs boost 
richness just a few percent (~5%). This finding suggests that organ-
isms in aquatic habitats are more sensitive to physical environmental 
alterations. Physical- biological coupling is certainly a strong area of 
research in aquatic realms lending support to this hypothesis (e.g. 
Byers & Pringle, 2006).

In sum, some common expectations for influential EEs and their 
characteristics differ by biome. In water, we expect EEs that mod-
ify flow, aerate sediment and provide structure for refuge. On land, 
we expect EEs that modulate temperature and provision structure 
for aerial support. In both we expect to see sediment stabilizers. 
Some of these categories match those of Berke (2010) who pro-
posed a way to categorize EEs based on their functional similarities; 
she proposed four categories: structural engineers, bioturbators, 
light engineers and chemical engineers. Organizing EEs in such a 
way emphasizes that the function of engineers is most important 
and may be useful if we want to develop generalizations, including 
modelling approaches of the effects of EE on systems (Cuddington 
et al., 2009; Hastings et al., 2007; Yeakel et al., 2020).

2.2  |  The importance of background 
physical context

A differential influence of an EE between systems could result be-
cause the engineering attribute is more important in a different 
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environmental context (Moore, 2006; Wright et al., 2002). As an ex-
ample, a beaver dam will have a larger influence if built in a stream of 
fast flowing water, as opposed to a pond that already has extensive 
surrounding wetlands. The scope for engineering- induced change is 
much greater in the former scenario because the flow speed of the 
water can change by a much greater velocity and create an adjacent 
habitat that is at present minimally existent (Figure 1).

Menge and Sutherland (1987) developed a conceptual model that 
provided a framework to categorize how ecological processes varied 
in their importance to community structure along a stress gradient. 
Specifically, the Menge- Sutherland model predicted that under high 
recruitment, across a gradient of increasing environmental stress, 
the most important community- driving variable will shift from pre-
dation to competition to abiotic stress (Figure 2). Thus, it is thought 
that EEs will correspondingly vary in their roles and importance 
across environmental gradients, with EEs more influential in harsh/
stressful environments where facilitative effects resulting from their 
environmental alteration and amelioration have more relative, if not 
essential, value (Figure 2; Crain & Bertness, 2006). For example, in 
the Negev desert, the survival of several plant species is predicated 
on the engineering performed by microbial crusts that generate and 
collect precipitation runoff, thus concentrating sparse rainfall into a 
sufficient amount to be biologically meaningful (Shachak et al., 1998). 

In the same vein, the meta- analysis by Romero et al. (2015) on EEs 
across systems found that in terrestrial ecosystems, engineers dis-
played stronger positive effects in arid environments (e.g. deserts). 
Harsh environments give habitat ameliorating EEs higher utility be-
cause these environments have a larger scope for environmental 
change. Thus, alleviation or alteration of environmental conditions at 
the margin of survivability will have the largest influence on biota.

2.3  |  The influence of ecosystem engineer density

Marginal utility is the economic term that describes how much bene-
fit accrues from the addition of another individual unit of a commod-
ity. As more EE individuals are added to a system, there will typically 
be less marginal utility (diminishing returns) in the engineering per-
formed (Moore, 2006). After sufficient additions, the system will be 
saturated with engineering. But even before reaching that asymp-
tote, the engineering of the added EEs will likely begin to overlap 
with each other, and the EEs themselves might begin to interact bio-
logically, for example through competition, which would likely result 
in a decelerating accumulation of engineered attributes up to the 
asymptote (Figure 1). Thus, if an EE is in short supply, its marginal 
utility is high. As a simple illustration, a beaver dam is far likelier to 

Properties of water 
relative to air

Biological implications for 
aquatic organisms

Ecosystem engineering 
implications

High specific heat and high 
heat of vaporization

Maintain uniform body 
temperatures conformed 
to environment

Heat buffering from shading 
not as important as on land

High surface tension Makes floatation easier Structural support is 
unnecessary

High viscosity Easy flotation (for small 
organisms)

Flow modifiers will have large 
effects on organisms living 
in water (inhabiting third 
dimension)

High dissolving power, high 
in dissolved solutes

Chemicals easy to mix and 
transport

Easy to chemically alter the 
environment

High conduction of heat Less heterogeneity in 
temperature; objects 
have aprroximately same 
temperature;

Ecosystem engineers that 
provide thermal refuge are 
uncommon

High density Cost of inhabiting third 
dimension is low (dense 
body masses supported); 
cost of transport higher; 
sound transmission fast

Structure is important for 
protection, but not as a 
buoyancy aid –  see above

High light absorbency Low to no light at sufficient 
depth

Bioluminescence common

Low oxygen concentration Need adaptations to 
deal with low O2. 
Or organisms could 
associate with areas 
with higher flow, higher 
O2 gradients and lower 
temperatures (that hold 
more dissolved gas)

Flow modifiers, bioturbators 
and O2 provisioners are 
influential. Burrowers 
aerate hypoxic sediment

TA B L E  1  Some of the physical and 
chemical differences between water and 
air, the implications of these differences 
for the biology of organisms and the 
relative differences in the degree and 
kinds of ecosystem engineering expected 
as a result
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have large marginal impact in a watershed where it is the only one, 
compared to a watershed where it is one of a hundred. Keep in mind 
that some EEs must reach a critical mass of individuals before sub-
stantive engineering can occur (e.g. termites amassing to create a 
colony and mound, or oysters creating a reef). In these cases, the 
relevant unit of density is likely the engineering structure, that is the 
number of termite mounds or reefs, and not the number of individual 
engineers themselves. Ultimately, the relative impact of an EE (or EE 
structure) is greater when the EE is rare.

As an example of this effect in a restoration context, Geraldi 
et al. (2009) added oyster reefs to three of six tidal creeks ex-
pecting to see a boost in diversity and abundance of estuarine 
species responding positively to the habitat provisioned by the 
EE. Surprisingly, the reefs did not have predicted effects as had 
previously been seen in other similar systems. Upon closer ex-
amination, the authors determined that the lack of change was 
likely due to a small scope for change because many habitat 
provisioning EEs were already present in the surrounding salt 
marsh system. Thus, presumably at a larger landscape scale, the 

environment was already saturated with EE function (the asymp-
totic portion of Figure 1). This example illustrates that redun-
dancy of engineering effects can result not only from an increase 
in the density of a single focal EE species, but also from overlap-
ping functional groups of other existing EEs. An important side 
note is that the redundancy occurred in the functions they were 
sampling for –  biodiversity and abundance of estuarine organ-
isms. However, having both oyster and marsh habitats may pro-
vide differences in other (unmeasured) functions. This possibility 
of EEs with multiple influences is discussed in further detail in 
the section: Coupled ecosystem processes driven by EE, below.

3  |  FAC TORS AND APPROACHES THAT 
MAKE ECOSYSTEM ENGINEER– CENTRIC 
RESTOR ATION MOST LIKELY TO SUCCEED

The EE- centric approach to system restoration makes sense be-
cause it allows EEs to perform the hard work of moving system 

F I G U R E  1  Effects of ecosystem engineer (EE) density and environmental context on engineering impact. (a) The two curves represent 
environments with different scopes for environmental change based on their present abiotic states. The asymptote reflects the maximum 
amount of influence, or the scope of change, possible for a system property. The environment denoted in orange has a large scope for 
physical change, and the grey line represents an environment with less scope for physical change. As an example, the orange line could 
represent a river with a fast current being blocked by beaver dams, and the grey line could represent adding beaver dams to a lake system 
which has a slow current. In both cases increasing EE density increases engineering impact by slowing water flow, but the marginal utility 
is greater in the river habitat. The scope for change within a system diminishes as more engineers are added to it and it approaches its 
asymptote. (b) A comparative illustration of the influence of the ecosystem impact from a beaver dam in a fast- moving stream (top row) and 
slow- moving lake (bottom row).

tcap
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EE density
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states. However, in some cases the EEs may need some help 
(Guiden et al., 2021). For example, certain ecosystem properties 
(e.g. community composition, abiotic factors) could be manipu-
lated to increase the proportion of certain EEs, which boost their 
attendant cascading effects on ecosystem functioning (Boogert 
et al., 2006; Byers et al., 2006). Or the proper selection of the 
best EE, or the best combination of EEs, may engender the most 
restoration success.

3.1  |  Where is boosting or establishing ecosystem 
engineer the easiest?

As discussed above, a single EE (or engineering structure) typically has 
the most marginal influence, but higher densities of EEs still tend to 
lead to increasing levels of absolute amounts of engineering. The best 
scenario for EE- centric restoration is when an influential EE already 
exists and one only needs to boost its density. These are cases where 
you just have to get a species over a low density hump and then posi-
tive feedbacks often take over for sustaining and promoting the spe-
cies (Silliman et al., 2015). Most commonly this might result from an 
Allee effect (Armstrong & Wittmer, 2011). EEs typically exert positive 
feedback on themselves. Such positive feedback can be lacking in the 
establishment phase if its densities are too low. For example, there 
will be exponential increases in propagule production as a popula-
tion grows. But other positive feedbacks also can occur due to group 
living benefits, for example in reef- building organisms like oysters, or 
colonial species like coral. Oysters are gregarious settlers and need 
established adults to produce settling cues (Bahr & Lanier, 1981). 
Mangroves need enough established adults to help ensure quies-
cent hydrology for recruitment (Smith et al., 2018). Dominant trees 
in tropical rain forests have extensive mycorrhizae networks that can 
promote positive density- dependence in the area adjacent to the par-
ent tree, facilitating self- recruitment (Zahra et al., 2021).

Boosting or establishing EEs will also be easier in systems with 
no hysteresis, and thus moving the system state is not hard (Byers 
et al., 2006). When systems become entrenched in an alternative 
stable state, it can take far more energy and input to flip the state to 
the desired alternative (Suding et al., 2004). On the other hand, EEs 
may be the best bet for moving a system in hysteresis. Laying down 
bivalve shell may overcome hysteresis due to the lack of settlement 
cues and spur natural recruitment of mussels (Capelle et al., 2019). 
Once adults have established, the system becomes self- sustaining in 
EEs. As another example, certain places in Western Australia's dry-
lands have a severe problem with soil salinization. The problem is 
very difficult to correct with mechanical means, and even finding the 
right means of biological remediation has been difficult. A solution 
involving a few species of specific EEs is proving to work. Specifically 
they have established salt- tolerant (halophyte) trees and shrubs with 
a variety of rooting depths. These have promoted the downward 
movement of, and the even distribution of, salts in the soil profile 
while lowering the water table (Barrett- Lennard, 2002). However, 
the initial establishment of these species is not easy and can initially 
require substantial human assistance (Pannell & Ewing, 2006).

Three final straightforward considerations that emerge from all 
of the above examples are as follows: (a) As suggested from Section 2,  
consider systems with the largest scope for increase in engineering 
impact. Those systems not already at equilibrium or full of EEs will 
be the most sensitive to EE additions. Furthermore, if a system is 
already full of EEs it would likely not need boosting/restoration. 
(b) Proper abiotic conditions for EEs to exist and thrive are essen-
tial. If these conditions do not naturally exist, good gardening and 
animal husbandry techniques may be required to make conditions 
optimal (Silliman et al., 2015). Prepping the environment for the 
cornerstone EEs should be a priority because they should ideally 
be the first to be established. (c) Species ideally should be easy to 
grow, propagate and handle so they can be readily outplanted into 
the environment.

F I G U R E  2  Relative importance of three broad types of ecosystem engineering identified by Crain and Bertness (2006) across an 
environmental stress gradient. The three boxes indicate dominant community- structuring processes predicted by the Menge and 
Sutherland (1987) environmental stress model. Ecosystem engineers (EEs) that affect and alleviate the predominant of these dominant 
factors will be the most important in structuring community processes in environments along the stress gradient (the engineering functions 
and their accompanying labels are colour- coded). The rightmost box, where physical stresses dominate, is the only one where EEs are 
essential, through their physical alterations of the environment that alleviate stress. In the left and center boxes, EEs can provide predator 
and competitor refugia respectively, serving to increase biodiversity and ecosystem functioning. Modified from Crain and Bertness (2006).
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3.2  |  Identifying pivotal ecosystem engineers in 
ecosystem restoration

Perhaps because they meet many of these characteristics, the piv-
otal, focal EE species in marine systems for restoration have been 
limited to a small number, especially in comparison to terrestrial 
systems. As in most systems, structure- provisioning, foundational 
species are key controllers of ecosystem processes. For marine sys-
tems, almost all of the attention is focused on five species groups: 
saltmarsh cordgrass (usually Spartina sp.), oysters, coral, mangroves 
and seagrasses. There are a few other species in immediately proxi-
mate systems like dune- stabilizing plants (sea oats) but those live in 
a predominantly terrestrial system. Each of these autogenic EEs has 
a huge literature on their roles affecting ecosystem processes, es-
pecially habitat provisioning. All are shallow, nearshore, ecosystem- 
defining species. From a restoration perspective they are natural 
foci not only because of their central roles, but also because, with 
possible exception of coral, they are easy to work with. They live 
nearshore, can often survive out of water for periods and can toler-
ate handling stress (mangrove seeds, e.g. are viviparous and require 
no germination).

As evidence that the intensified focus on these few species is 
not unfounded, throughout most of the US Atlantic and Gulf coast 
estuaries, two species from this group of five –  the marsh cordgrass 
Spartina alterniflora and the Eastern oyster C. virginica –  predomi-
nantly control the functioning, stability and diversity of the system. 
Specifically, these species control sedimentation rates, affect ero-
sion rates, buffer upland runoff and provide biogenic habitat. Oyster 
reefs also filter water and provide refuges for economically valuable 
species (Grabowski & Peterson, 2007). Their strong, combined in-
fluence on multiple properties and flows within ecosystems exem-
plifies their major influence on system integrity (Koch et al., 2009). 
If the ecosystem services produced by these species were removed, 
they would be very costly and perhaps impossible to replace (Barbier 
et al., 2011).

These pivotal five species groups have been the basis for some 
massive scale restoration projects. The billion oyster project seeks 
to restore this critical EE in NY Harbour involving thousands of 
school children in the process as part of an education and outreach 
component (https://www.billi onoys terpr oject.org/). The goal is not 
primarily to produce a food resource, but rather to harness the oys-
ters' engineering abilities to reduce storm surges and enhance water 
quality. In Senegal, several non- profits, including the Senegalese 
NGO Océanium, have organized community groups into the world's 
largest mangrove reforestation, planting more than 79 million man-
groves over the last decade (https://livel ihoods.eu/portf olio/ocean 
ium- seneg al/). The Coral Restoration Foundation working in the 
Florida Keys has seven offshore nurseries where they rear 11 spe-
cies of coral. Since 2012, they have outplanted >120,000 corals from 
their nursery to 17,500 m2 (https://www.coral resto ration.org/).

This small collection of focal species for marine EE- centric res-
toration is seemingly a much narrower palette than for terrestrial 
EE- based restoration. In terrestrial systems, the variation in EE 

choices spans from Gopher tortoises, which dig holes in landscape, 
to trees for wind breaks and fog collection, to microbial crusts which 
affect runoff in the Negev Desert (Eldridge et al., 2002; Shachak 
et al., 1999). Coggan et al. (2018) reviewed studies of terrestrial an-
imals as EE. They were interested in the taxonomic representation 
and documented ecological functions of engineer species including 
burrowing, soil manipulation, nest building and plant manipulation 
(i.e. non- trophic actions that modify plant structure, e.g. by curling 
leaves for shelter). They found 122 engineer species representing 28 
orders across four taxa –  mammals, birds, reptiles and invertebrates. 
Burrowing mammals were the most common (27% of studies). 
Terrestrial vegetation is an even larger group, with revegetation and 
afforestation as the predominant methods. Among other effects, 
these projects often seek to reduce soil erosion, decrease desertifi-
cation, sequester carbon or regulate hydrology. Cui et al. (2021) anal-
ysed 962 studies documenting restoration projects in China over the 
last four decades. They found the projects were almost all terrestrial 
or riparian, and because they occurred across more than 50 different 
ecosystems, presumably used many different plant species.

Regardless of the biome, identifying EEs and engineered habitats 
that are essential for protection, preservation and restoration is crit-
ical. All species engineer just as all species eat and compete. So the 
key is determining the kind and degree of engineering each species 
is doing and which is most important and influential on the system. 
Once this is delineated, start with the biggest, most influential EEs 
–  not all are created equal, and specific species choices can matter. 
For example, the aforementioned Eastern oyster, C. virginica, is reef- 
building, whereas, the most cosmopolitan oyster C. gigas, which was 
spread globally for aquaculture (Ruesink et al., 2005), is not. If one 
cared solely about food production, C. gigas, which is big and grows 
quickly, might be the focus of an introduction effort. If ecosystem 
processes are central, then a reef- builder like C. virginia would be.

It is important to note that influential EEs may include not only the 
pivotal ones discussed here, but also those with negative influences. 
The latter case often arises if an EE attribute is too foreign to a sys-
tem, then it often boosts invasive species that benefit from the novel 
engineered attributes (Crooks, 2002; Emery- Butcher et al., 2020). 
By providing abiotic properties outside the realm of that to which 
the native species are adapted, an introduced structure or EE can 
differentially aid non- native species since the altered abiotic envi-
ronment erases the advantage of local adaptation normally accrued 
to native species due to their long term incumbency. This is known 
as selection regime modification (Byers, 2002) and is an explanation 
for how rapid environmental change might disfavour native species 
that previously would have been locally adapted. For example, in 
many sedimentary estuarine environments, hard surfaces are rare. 
When humans place hard substrates such as docks, rip rap and boats 
inside soft- sediment embayments, non- indigenous fouling species 
can be common on those substrates (Stachowicz et al., 2002; Tyrrell 
& Byers, 2007; Wasson et al., 2005). Within soft- sediment domi-
nated Elkhorn Slough, California USA, Wasson et al. (2005) found 
an approximately equal number of species in soft and hard habitats; 
however, exotic and cryptogenic species comprised 38% of species 

https://www.billionoysterproject.org/
https://livelihoods.eu/portfolio/oceanium-senegal/
https://livelihoods.eu/portfolio/oceanium-senegal/
https://www.coralrestoration.org/
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in soft sediment and 68% on hard substrates. Furthermore, non- 
native taxa covered the vast majority of space (84%) on the human- 
introduced hard surfaces. This idea is further supported by Romero 
et al.'s (2015) meta- analysis finding that EEs that create new habitats 
or microhabitats had stronger effects than those that simply modify 
habitats (Romero et al., 2015).

4  |  COUPLED ECOSYSTEM PROCESSES 
DRIVEN BY ECOSYSTEM ENGINEER: 
MULTIFUNC TIONALIT Y AND MULTI- 
INFLUENCE ENGINEERS

In any given system there are multiple biological ecosystem pro-
cesses, such as productivity, carbon cycling and decomposition, that 
are highly influenced by physical factors. The influential role of the 
physical environment on the biological processes emphasizes the 
context dependency of these ecosystem processes, as well as high-
lighting the potential roles for EEs to affect them. These ecosystem 
processes used to be considered singly, but increasingly the provi-
sioning of multiple processes simultaneously or multifunctionality, 
has risen in prominence (Byrnes et al., 2014; Manning et al., 2018). 
One of the central tenets of the work in ecosystem functioning is 
that the provisioning of multifunctionality, or even the quantity of a 
single ecosystem process, rises as species diversity rises. The posi-
tive relationship between biodiversity and ecosystem functioning 
has been shown to often be driven by the sampling effect, whereby 
increases in species richness increase the odds that the collection of 
species will contain a highly influential species (Huston, 1997; Tilman 
et al., 1997). Those highly influential species are often likely to be 
EEs, since by affecting physical properties of their environment they 
broadly affect the biology of the system.

Some of the best evidence for multifunctionality stemming 
from EEs, especially in terms of effects on species diversity, comes 
from recent modelling work by Yeakel et al. (2020). The authors 
examined community assembly in ecological network models. They 
found that increasing the number of EE species increases stabil-
ity and decreases extinction. Having only a few EEs led to many 
extinctions and instability, whereas many EEs led to stability and 
few extinctions. Essentially, increasing the number of engineers 
increased the redundancy of the engineers, and this tended to sta-
bilize the system. Thus, EEs may both boost diversity while also 
increasing persistence by facilitating colonization and limiting com-
petitive exclusion.

In fact, certain EEs are so influential that even alone they can af-
fect multiple abiotic properties of a system that in turn affect mul-
tiple ecosystem functions. I call these multi- influence engineers, 
and they should tend to be the most impactful species in a system. 
The five pivotal groups of EEs used in marine restoration mentioned 
above are all prime examples, with each affecting everything from 
sedimentation rates to habitat provisioning to water flow. If multi-
ple processes are influenced by an EE, an interesting question to 
ask is whether there is disproportional strength or importance of 

the processes affected, for example, is the habitat provisioning by 
an EE more valuable than its effect on sedimentation? Thus, even if 
a species is a multi- influence engineer, its effects on various abiotic 
factors and resultant ecosystem functions may differ in magnitude 
or importance. As an extreme example, there are even interesting 
cases where a single species can have multiple engineering influ-
ences that act in opposing directions, facilitating and hindering 
species at the same time. One must consider the strength of ef-
fects of the multiple engineering process and potential synergies 
and tradeoffs among them. For instance, burrowing ghost shrimp 
aerate sediment, increasing circulation and flow beneath the sur-
face, thus making the shallow sediment hospitable for many aer-
obic organisms. However, in the process of burrowing, they also 
bioturbate, and the resuspended sediment hinders filtration by fil-
ter feeders and photosynthesis by algae and plants (Berkenbusch & 
Rowden, 2003; Woodin, 1978). Recognizing that most species are 
(or have potential to be) multi- influence EE, it is important to as-
certain the range of potential effects of an engineer in the setting 
where it will be used.

Additionally, as species diversity rises, and EE species diversity 
along with it, there can be important interactions between the EEs 
and other species, or between the EEs themselves, producing syn-
ergistic or antagonistic interactions that influence their engineering. 
Synergistic examples include: Spartina and oysters, whose engineer-
ing in southeastern US estuaries was described above, interact and 
facilitate each other. At the mid- tidal elevation where the popula-
tions of the two species abut, oysters harden the shoreline and sta-
bilize sediment protecting Spartina from erosive hydrologic energy, 
while Spartina shades juvenile oysters aiding their recruitment, sur-
vivorship and growth (R. D. Harris, personal communication). In ad-
dition, because coral species can have very different morphologies 
(e.g. branching and crusting), multiple species with complementary 
forms make more complex 3D habitat structure. Fish communities 
differ drastically based solely on the basis of dominant corral com-
posing a reef (Komyakova et al., 2018).

Examples of antagonism between EEs appear less numerous in 
the literature, but in theory they should abound. Coral build struc-
ture and parrotfish chip it away; trees build structure and beavers 
tear it down, in this case to make another structure in an adjacent, 
aquatic system. Or EEs may mutually exclude one another when 
competing for space, and in so doing impose their own engineering 
that differs in kind or degree. To illustrate, if one species of tree 
replaces another and the trees differ in their engineering capaci-
ties, the replacement of one tree species by another will ramify to 
affect the ecosystem. A recent example of this scenario in resto-
ration is currently affecting Miami Beach, Florida. To reduce the 
heat island effect, the city seeks to drastically reduce the number 
of palm trees over the next few decades in favour of trees like 
maples and oaks that provide better shading and carbon storage 
(Allen, 2022).

Sometimes the EEs not only interact, but there is a dependency 
of the EEs on one another, referred to as hierarchical engineering. For 
example, experiments in Australia examined the EE alga Hormosira 
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banksii that is important for its habitat structure. Bishop et al. (2012) 
showed that when the alga wraps around mangrove roots, another 
structurally important EE in the system, this promotes a multiplica-
tive boost in species richness than from either EE alone. Presumably 
this effect results from an enrichment of habitat heterogeneity. 
Facilitation cascades are a more generalized version of this concept 
where one species benefits another in a chain of positive interac-
tions, and thus is an area where synergies abound. Facilitation cas-
cades are not restricted to EEs, but they are often some of the more 
influential species involved (Altieri et al., 2007; Gribben et al., 2019; 
Thomsen et al., 2010).

4.1  |  Restoring multi- influence and interactive 
ecosystem engineers will have large effects

Because of the outsized effects of multi- influence EEs and those 
involved in important synergistic interactions, restoration with 
these species should be highly impactful. Living shorelines used to 
bolster coastal shoreline defence are a good example (e.g. Morris 
et al., 2019). Sometimes the goal is singular (e.g. to reduce erosion); 
however, other ecosystem processes are boosted because they are 
part of a suite of processes that the EE affects that are bundled to-
gether. For example, a living shoreline built of oyster reef may be 
installed to prevent erosion. Oyster reefs harden the shoreline, but 
they also provide habitat and water filtration. That is, even if a multi- 
influence EE is restored for a single ecosystem process, or even no 
processes, but rather, for an ecosystem good (such as mangroves for 
wood or oysters for food), there still will be concomitant changes in 
the bundled, inseparable abiotic factors and ecosystem processes 
that the EE affects in the system.

This push for species that have outsized influence has been a 
motivating force behind the development of the Engineering with 
Nature (EWN) movement (https://n- ewn.org/). EWN seeks to har-
ness natural engineering processes and align them with engineering 
goals to deliver sustainable economic, environmental and social ben-
efits. The emphasis on natural infrastructure to perform engineering 
functions and services, including a broad array of social, environ-
mental and economic benefits, such as flood protection, recreation 
opportunities, support of economically valuable species, and ab-
sorption of pollution and carbon dioxide means that multi- influence 
EEs are often the central focus of EWN projects. Jetties built out 
of oyster reef and out of concrete will both slow the flow of water 
(Dugan et al., 2018). But the oyster reef also engineers further abi-
otic modifications. Additionally, the oyster reef can grow, and thus 
repair itself and adapt to the local environment.

An important lesson from all of this is that pivotal EEs are those 
that affect multiple processes simultaneously and those that inter-
act to jointly produce physical changes with attendant ecosystem ef-
fects. Thus, identifying which EEs are part of hierarchical engineering 
or synergistic interactions seems important for restoration (Angelini 
et al., 2016; Derksen- Hooijberg et al., 2018; Gagnon et al., 2020). It 
may mean that restoration of multiple EEs is important. In addition, 

it could mean that protecting a single EE could have multiple benefits 
by keeping synergies intact. All the interactions of EEs and their re-
sultant physical alterations and resultant multifunctionalities are not 
always known, let alone quantified.

4.2  |  Novel and multiple influences can lead to 
problems with non- native ecosystem engineers

As discussed above, many impactful non- native species are EEs 
(Byers & Grabowski, 2014; Crooks, 2002; Sousa et al., 2009). This 
follows logically from the fact that EEs by definition are those that 
affect the abiotic environment, which in turn influences every spe-
cies that lives there. Examples include the following: beaver Castor 
canadensis in Patagonia; kudzu Pueraria montana strangling trees 
in North American forests; Ficopomatus enigmatus tube worm 
reefs in coastal bays of Argentina and western North America; 
Agarophyton (formerly, Gracilaria) vermiculophylla seaweed on mud-
flats of the southeastern United States and Europe; water hyacinth 
Eichhornia crassipes covering entire lake surfaces (Byers, 2009; Byers 
et al., 2010; Crooks, 2002; Emery- Butcher et al., 2020; Forseth & 
Innis, 2004; Haram et al., 2018; Rilov et al., 2012). However, certain 
native species may respond positively to the system- wide changes 
wrought by the invasive EEs. A meta- analysis of invasive marine EEs 
revealed that although their overall effect on ecosystem functions 
was small and negative, positive effects were not uncommon (Guy- 
Haim et al., 2018). Similar findings were produced from a review of 
freshwater invasive EEs (Emery- Butcher et al., 2020).

There have been cases where scientists and practitioners 
have promoted the use of non- native EEs, for example in situa-
tions where a native EE was no longer an option (e.g. Leuzinger & 
Rewald, 2021; Schlaepfer et al., 2011). The promoters argue that 
the ecosystem processes that the EE influences may outweigh 
the negative (or unknown) effects that the novel species brings 
to the ecosystem. Such a proposition requires a high burden of 
proof given the high impact of invasive EEs (Byers & Sotka, 2019; 
Sotka & Byers, 2019). It is tempting to think a non- native EE af-
fects all the right, desired processes and nothing more. But the 
commonality of multi- influence EEs suggests this will rarely be 
true. For example, a nitrogen- fixing plant may be introduced for 
that specific function –  to aid a nutrient poor system (e.g. Koutika 
et al., 2021); however, because of its multiple influences, one has 
to also consider that the tree engineers its environment in other 
ways such as shading, adding allelochemicals to the soil, blocking 
wind, etc. Once considering all of the collective engineering func-
tions of a species, very rarely will the multiple functions of a non- 
native EE match a native analogue exactly. Furthermore, even if no 
ecosystem engineering functions have been overlooked and the 
known processes the novel EE affects are similar in kind, they can 
be of grossly different magnitudes (Cavaleri et al., 2014). Because 
of their outsized influence and their precedent of causing great 
environmental impact, non- native EEs should be approached with 
extreme prudence, if at all. More likely, they should be targets for 

https://n-ewn.org/
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elimination rather than addition because of their large, and often 
novel, environmental alteration. If engineering was important in a 
system historically, presumably there is a native EE that could be 
promoted for restoration or reintroduction.

4.3  |  Legacies and trait- dependent engineering 
increase the influences of ecosystem engineers

Morphological, physiological and behavioural traits differ between 
species, including EEs. Traits of an EE –  both when alive and as part of 
its legacy effect after death –  can strongly affect its abiotic influences, 
as well as its interactions and synergies with other EEs. Furthermore, 
because legacy effects and traits of EEs can change over time, EEs 
can manifest multiple temporal influences. An underdeveloped area 
of research in EEs is how their traits influence the strength of their 
engineering, and in turn their influence on community structure and 
function (Badano & Cavieres, 2006). This could be an important and in-
fluential aspect, judging from the limited studies that have investigated 
it. For example, Schutte and Byers (2017) examined the epibiotic com-
munity that is composed of sessile marine organisms (largely sponges) 
that live on the subtidal portions of aerial mangrove roots. These roots, 
which are a key structural EE, grow downward from limbs of the tree 
toward the ocean floor; within a population there is variation in roots 
that are contacting the bottom and those which are dangling in the 
water column. They found that the simple trait of whether a root con-
tacted the bottom greatly affected the epibiont community growing 
on it. Mechanistically this difference arose because those roots touch-
ing the bottom provided physical access for predatory sea stars, and 
their subsequent predation greatly changed the sponge community 
composition; those roots that were off the bottom were protected 
from sea star predators. Because the affected sponges are also them-
selves important engineers, the hierarchical effects of this simple man-
grove root trait is further magnified.

As another example, of trait- dependent engineering Bishop 
et al. (2009) identified traits of an alga Homosira banskii that engi-
neered habitat for molluscs. Algae that had larger vesicles and lon-
ger thalli, supported 200% more molluscs. Interestingly, these algal 
traits were plastic, and algae from the estuary had more of these 
preferred traits than algae from the outer coast. Thus, not only do 
traits of EE matter, but the traits themselves can be plastic, under 
environmental control. The striking insight is that the influence of 
EEs at the community level can be mediated through their traits, 
which are themselves dependent on environmental conditions 
(Bishop et al., 2009).

A similar example is seen in the dune grass, Ammophila brevili-
gulata, that lives throughout the Great Lakes region, where it is an 
important stabilizer of sand dunes. Two traits of the plant –  its tiller 
size and density –  are important determinants of how effectively 
it stabilizes sand and builds dunes (Hacker et al., 2012; Zarnetske 
et al., 2012). Emery and Rudgers (2014) identified that multiple envi-
ronmental factors including temperature, precipitation and latitude 
affect tiller size, while soil organic matter affects tiller density. Thus, 

traits influence the engineering of an important dune- building spe-
cies, and these traits themselves are environmentally influenced.

Trait differences collectively contribute to the type and mag-
nitude of physical alteration that an EE performs. If the type and 
magnitude are sufficiently different from other EEs, this leads to 
a degree of uniqueness that can be a major part of an EE's influ-
ence. For example, like dozens of marine infaunal species, Diopatra 
cuprea worms build tubes on mudflats helping to stabilize and aer-
ate sediment (Berke, 2012; Myers, 1972). But uniquely D. cuprea 
decorates its tubes with surrounding objects, and in so doing, at-
taches and facilitates seaweed species, especially the non- native 
seaweed Agarophyton vermiculophylla, by anchoring it in place in 
a highly sedimentary environment (Byers et al., 2012; Thomsen & 
McGlathery, 2005). It also does this anchoring at an intertidal height 
that provides an optimal balance of moisture and sunlight for the 
attached A. vermiculophylla seaweed (Kollars et al., 2016).

Contributing to their overall multiple influences, a final postmor-
tem effect that EEs can have is their legacy effects. Some EEs, espe-
cially those with calcified structure like oysters and coral, influence 
the abiotic environment similarly when dead as they do when alive 
(Hastings et al., 2007). Termite mounds may persist for thousands of 
years, and beds of marine mollusc shells for millions (Kidwell, 1986; 
Moore & Picker, 1991). However, in most cases, without biological 
maintenance of the stature and shape of an engineered structure, 
it degrades over time, altering its traits, and thus its influence on 
the physical environment and the biology of the system. How the 
influence of engineering decays with the structural legacy over 
time is an area ripe for future work. Furthermore, live and legacy 
effects of EEs may differ not only in degree but also in kind. For 
example, the marsh cordgrass Spartina when alive performs the 
many ecosystem services discussed above. When dead, the grass 
stalks are buoyant and are often delivered and stranded within high 
intertidal marshes (Valiela & Rietsma, 1995). The dead vegetation, 
which is known as wrack, requires many months to decay in part 
due to its high lignin content (Currin et al., 1995). Furthermore, even 
though individual grass stalks eventually decay, the wrack itself can 
be trans- generationally persistent, because of its constant produc-
tion and delivery. The wrack can smother vegetation underneath it, 
leach nutrients and provide habitat for nest building species. Thus, 
the legacy engineering effect of Spartina wrack often has strikingly 
different effects from its live counterpart due to differences in ori-
entation, location and traits (Smith et al., 2018, 2021).

Legacy studies are a way to study natural temporal variation in 
trait- based influences of EEs. A more immediate, experimental ap-
proach to parse effects of traits on EE outcomes is structural mimic 
studies (Crooks, 2002; Tait et al., 2020; Wright et al., 2014). Thus, 
mimic studies, can be a powerful way to understand the mecha-
nisms of the effects of EEs and the contexts of their influence, and 
can thus help inform restoration choices. Mimics are usually inert 
structures that simulate the physical structure of the focal organism 
divorced from any of its biological influence (Jones et al., 2010). For 
example, Crooks (1998) and Crooks and Khim (1999) used fibrous 
plastic mats to mimic mats made by byssal threads of the mussel 
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Musculista senhousia that greatly boost the benthic invertebrate 
community of intertidal mudflats. Comparing these two treatments 
the authors could parse how much of the effect of the mats was 
through their physical engineering (habitat provisioning, alteration 
of flow and sediment) versus a biological aspect such as serving as 
a food source. Mimic experiments can target even more precise 
parsing of ecosystem processes performed. Smyth et al. (2016) built 
experimental reefs of live oysters, reefs of dead shell only and mud-
flats without shell to compare how sediment nitrogen cycling was 
influenced by the physical structure and the biological activity of 
oyster reefs. By comparing a dead reef to a regular live reef they 
could separately quantify ecosystem processes performed by the 
oyster reef that were due to purely structural effects on flow and 
sedimentation and those due to filtration effects on clarity and de-
nitrification of the water, which only the live oysters could perform. 
In a similar vein, Lenihan et al. (2001) built oyster reefs of different 
shapes and sizes to understand how the physical structure affected 
flow rates and subsequent biological community composition and 
resilience to disturbances like hypoxia.

5  |  CONCLUSIONS

Enhancing the success of EE- centric restoration in essence centers 
on identifying the best- suited habitats and species. As discussed 
here, three critical considerations guide the choices of species and 
prioritization of places. First, identify places where utility is high. 
This will occur most often in systems that have high environmental 
stress, where the EE provides a relevant engineering attribute that 
is presently supplied in low quantity. However, completely novel 
engineering, for example from a non- native species, is usually bad 
because it is outside of the evolutionary history of native, resident 
organisms, and thus likely to attract and encourage non- native spe-
cies from other systems. Second, focus where EEs can most easily 
establish, where the EEs are easy to culture and handle, and where 
scaling- up is possible (e.g. the Billion Oyster Project). Third, remem-
ber that not all EEs are created equal. Multi- influence EEs and those 
EEs that are part of multifunctionalities and synergies usually have 
the farthest reaching effects in a system. Also, as part of an EE's 
influence, evaluate the effects of its legacies and traits (such as size, 
age, density). The influence of these latter aspects of EEs on their 
functioning within a system present the biggest knowledge gaps, 
and thus the greatest potential to inform EE ecology. Collectively 
these considerations should help guide efficient and sustainable EE- 
centric restoration.
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