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Abstract 21 
Algorithmically-controlled ecosystems are ecosystems in which at least one key process rate 22 
or property (e.g. biodiversity) is under control by algorithms, or if ecosystems contain robots/ 23 
machines. Algorithmic influence on ecosystems will be matter of degree, and we highlight 24 
the risks and opportunities of such algorithm-influenced ecosystems, as well as the need to 25 
have discussions about algorithmic control of ecosystems and their biodiversity now. 26 
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 29 
Introduction 30 
 31 
As integration of humans with machines unfolds, modern society can already be viewed as a 32 
complex human-machine social system1. Rapid advances in multiple fields, including 33 
computer science, virtual reality, robotics and artificial intelligence, make further steps along 34 
this path likely. This integration of computers with living beings will likely not stop at humans, 35 
but also affect ecosystems, in part because humans are a part of ecosystems. We are thus 36 
likely moving towards machine/ algorithm-influenced or -controlled systems. We here 37 
discuss important open questions and research needs that come with the rise of 38 
algorithmically-controlled ecosystems.  39 
 40 
We define algorithmically-controlled ecosystems as ecosystems in which at least one key 41 
process rate (e.g. primary production, soil respiration) or property (e.g. biodiversity) is under 42 
control by machines, computational artefacts including physical devices or algorithms1, or if 43 



ecosystems actually contain robots or organisms (including humans) with built-in machine 44 
interfaces. This definition thus has two aspects, machine-based process control or physical 45 
machine content, and either one is sufficient for being included in this category. We 46 
understand such systems to be a continuity of increasing machine influence (Fig. 1). 47 
 48 
Most natural or semi-natural ecosystems are unlikely to become machine-controlled to any 49 
noteworthy degree in the foreseeable future. However, there are several types of 50 
ecosystems that could make this transition soon. Agricultural systems or urban ecosystems, 51 
as already strongly under human control and in some cases with the presence of robots, are 52 
the most likely candidates to qualify as machine-controlled ecosystems in the future, and 53 
some already are today. The field of agricultural robotics has been rapidly advancing 2, and 54 
represents a signature of an increasingly strong interface between ecosystems and 55 
machines. Other examples of ecological systems likely to advance in this direction could be 56 
engineered, synthetic microbial communities (SynComs) 3 and the resulting artificial 57 
ecosystems, assembled for specific purposes (e.g., biotechnological production). Potential 58 
candidates could also be strongly degraded or polluted ecosystems that are being restored, 59 
enlisting the help of algorithms to choose organisms for restoration, robotic sensor systems 60 
to monitor environmental data 4, or environmental swarm robots 5 to drive the restoration or 61 
renaturation process. 62 
 63 
Currently, ecosystems are often delineated as ‘natural’ or semi-natural on the one hand, and 64 
as ecosystems under strong human influence on the other hand. Other terms that capture 65 
strongly human-altered ecosystems are anthromes or novel ecosystems. Machine-controlled 66 
ecosystems would occupy another position in this category space (Fig. 1). 67 
 68 
 69 
 70 
 71 

 72 



Fig. 1 Machine-controlled ecosystems arrayed along a gradient in machine influence and 73 
possible consequences for biodiversity. Other ecosystem types (natural, semi-natural, 74 
human-transformed) for comparison. Machines can be algorithms or physical presences 75 
(such as robots or organisms with machine interfaces) or both, where an increased physical 76 
presence of machines could have more pronounced effects. Depending on how increasingly 77 
machine/algorithmically-influenced ecosystems develop, consequences for biodiversity could 78 
be positive, neutral or negative. 79 
 80 
  81 



Opportunities and risks of algorithmically-controlled ecosystems 82 
 83 
Machine/ algorithmically-controlled ecosystems will bring several opportunities and risks. 84 
Extreme degrees of algorithm-based control might translate to more predictable system 85 
performance. For food systems this would include more reliable harvests, potentially leading 86 
to increased food security; for other systems it might mean more predictable delivery of 87 
goods such as biofuel. Real-time environmental data of unprecedented detail coupled with 88 
AI agents could provide early-warning systems for pollution or disease outbreaks, and foster 89 
improved understanding of ecosystem functioning and biodiversity. Given sufficient levels of 90 
understanding, management interventions might allow for better balance of ecosystem 91 
multifunctionality, including preserving soil health or water quality, and maintaining yield. 92 
Biodiversity might profit from precision conservation taken to a new level, using robots (e.g. 93 
for weeding) and sensor networks. In addition, restoration efforts could also become more 94 
successful, driven by robots removing invasive species or planting desirable local species, 95 
and constructing or improving habitats. In an urban context, technical urban ecosystems 96 
could be beneficial in terms of energy savings, climate change mitigation, waste processing, 97 
traffic control, and the maintenance of urban blue-green infrastructure, thus overall benefiting 98 
biodiversity 6.  99 
 100 
There are also several challenges and risks. Extreme levels of algorithmic influence could 101 
present challenges for conservation, potentially leading to species extinctions or decreases 102 
in process rates resulting from unintended consequences of algorithmic control or 103 
unforeseen machine-nature interactions. Perhaps there will be problems with rogue 104 
technological entities, for example autonomous robots or other machines that would also 105 
influence adjacent ecosystems, causing spillover effects from highly algorithmically 106 
controlled systems. Increasingly algorithm-influenced ecosystems could also lead to a 107 
degraded human-nature experience7, as also other digital technology innovations8. 108 
Electronic waste, for example stemming from mass-produced robots, could lead to 109 
widespread pollution unless ecosystem-embedded technology can be effectively retrieved or 110 
more sustainably constructed. Furthermore, cyberattacks and systems failures or 111 
malfunctions could imperil ecosystems at a scale that is presently unknown. Finally, 112 
increasing reliance on technology could also lead to a loss of traditional ecological 113 
knowledge. 114 
 115 
Open questions  116 
 117 
There are several open research questions about algorithmically-controlled ecosystems. We 118 
do not know if there are critical thresholds in the degree of machine integration at which 119 
ecosystems start to exhibit a sudden change in properties or behavior of ecosystems 120 
(machine-control ecosystem tipping points). Partly because of such tipping points, we may 121 
need to avoid the creation of ecosystems with a very high degree of machine influence on 122 
first principles, if possible. Biospherics (matter-closed, energy-open ecosystems) could be 123 
useful to explore unintended effects of machines in ecosystems9. It is interesting to ponder if 124 
future algorithmically-controlled ecosystems will permit ecological experiments that would be 125 
impossible today, for example by modifying environments (such as increasing or decreasing 126 
biodiversity) at a scale that would be impossible today. There will likely be evolutionary 127 
responses to increased machine control, and these are unexplored at this time, and difficult 128 
to predict. Machine-controlled ecosystems could influence neighboring ecosystems through 129 



meta-community dynamics, such as species dispersal, gene flow, or trophic interactions. 130 
Highly automated systems might disrupt regional biodiversity by altering connectivity or 131 
creating ecological sinks that affect meta-populations. Computational capabilities of 132 
ecological dynamics and networks10 might be used to control machines, leading to complex 133 
feedbacks between machines and ecosystems. Perhaps we can increasingly design robots 134 
that are sustainable, not creating any waste but that are instead biodegradable 11, averting 135 
some of the waste-related issues. 136 
 137 
As machine dominance becomes more pronounced, a key question will be consequences 138 
for biodiversity (Fig. 1): perhaps this technology integration will enable conserving and 139 
restoring ecosystems, enabling a much-needed ‘bending the curve’ on biodiversity loss 140 
(machines as guardians of biodiversity hypothesis). Or perhaps the opposite will occur, as 141 
an increasing machine intervention, coupled with malfunctioning algorithms, rogue robots, 142 
pollution from electronic parts, increased power needs, and proprietary algorithms not 143 
trained to foster biodiversity preservation but for other purposes will lead to precipitous 144 
species declines. We must do everything possible to avoid the latter. In addition, how should 145 
we account for robotic entities or biota with machine interfaces: will these become new 146 
components of ‘bio’-diversity, worth protecting in their own right, especially if they become 147 
important for ecosystem processes? Examples could be humanoid robots, which could be 148 
on the verge of being mass produced by big tech companies in the near future, integrated 149 
with large language models. 150 
 151 
Conclusions and the way forward 152 
 153 
It is a good idea to start having discussions about the development, deployment and 154 
governance of algorithmic control of ecosystems and their biodiversity now in order to build 155 
in fail-safe technological measures and to start drafting environmental policy regulating such 156 
ecological systems, especially as technology development generally outpaces scientific 157 
assessment of impacts12. Monitoring developments and generating research programs 158 
requires the collaboration of teams across a range of fields including ecology, global change 159 
biology, robotics and engineering, AI, sociology, human behavior, environmental policy/ law, 160 
and cybersecurity. Moving forward, funding agencies will need to accommodate this level of 161 
complexity.  162 
 163 
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