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Abstract | In the scenarios concerning the emergence and selection of spatiotemporal cognitive
abilities in vagile plant-eating animals, there is always an implicit assumption: the distribution
of plants does not change and ultimately shapes the cognitive abilities of the animals, hence
their movement. Yet, if plant distribution patterns are likely to remain unchanged over short
time periods, they may change over long time periods as a result of animal exploitation. In
particular, animal movement can shape the environment by dispersing plant seeds. Using an
agent-based model simulating the foraging behaviour of a seed disperser endowed with spa-
tiotemporal knowledge of resource distribution, | investigated whether resource spatiotemporal
patterns could be influenced by the level of cognition involved in foraging. This level of cognition
represented how well resource location and phenology were predicted by the agent. | showed
that seed dispersers could shape the long-term distribution of resources by materialising the
routes repeatedly used by the agent with the newly recruited plants. This stemmed from the
conjunction of two forces: competition for space between plants and a seed-dispersing agent
moving from plant to plant based on spatiotemporal memory. In turn, resource landscape mod-
ifications affected the benefits of spatiotemporal memory. This could create eco-evolutionary
feedback loops between animal spatiotemporal cognition and the distribution patterns of plant
resources. Altogether, the results emphasise that foraging cognition is a cause and a conse-
guence of resource heterogeneity.

W Keywords: Agent-based model - Feedback loop - Foraging - Frugivory - Memory - Move-
ment - Phenology - Zoochory

11



https://orcid.org/0000-0002-3168-6573
mailto:benjamin.robira@normalesup.org
https://orcid.org/0000-0002-3168-6573
mailto:benjamin.robira@normalesup.org
https://doi.org/10.1101/2023.08.01.551244
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.01.551244; this version posted March 8, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

12 Contents

13 Introduction 3
14 Material and Methods 6
15 Agent-based model . . . . e 6
16 Environment . . . e 6
17 Forager . . . . e 8
18 ANAIYSES . . 11
19 Characterisation of plant distribution patterns . . . . . .. . ... ... ... ... .... 11
20 Research questions and associated scenarios . . . . . . . . . ... ... 12
21 Results 13
2 Resource distribution is affected by the forager’'s cognition . . . . . ... .. ... ... ... 13
23 Engineered patterns affects the benefits of spatiotemporal cognition. . . . . ... ... ... 15
2 Route formation is reinforced because of opportunistic stops and by low plant space com-

25 petition . . . . e 15
»% Discussion 17
2z Acknowledgements 24
28 Funding 24
20 Declaration of conflict of interest 24
3 Data and code availability 24
31 Appendix 25
32 Using patchiness and alignment to characterise spatial point patterns . . . . ... ... ... 25
3 Using Moran’s Index to characterise plant synchrony . . . . . . .. ... .. ... ... .... 25
34 Variations in resource range shrinkage intensity . . . . . . . ... ... . 30
35 Variations in routine behaviour when no dispersal occurs . . . . . . . . ... ... ... ... 30
36 Variations in fruiting dates . . . . . . . .. 30
37 Sensitivity to the agent's speed . . . . . . . e 33
38 Sensitivity to the learning pathways following old plant mortality . . . . ... ... ... ... 33


https://doi.org/10.1101/2023.08.01.551244
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.01.551244; this version posted March 8, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

39 n Introduction

40 |_| ypotheses about the evolution of vagile plant-eating foragers’ spatiotemporal cognition (i.e.,
the ability to process, integrate, and utilise information on resource distribution and phenol-
22 0gy) generally assume that foragers evolve in an unchanging environment (Rosati, 2017/). However,
«3 while foragers’ cognition is likely to be shaped by the distribution of resources (Boyer & Walsh, 2010;
s Bracisetal.,, 2015; Grove, 2013: Milton, 19871; Robira et al., 2021), the characteristics of the resources
»s  themselves could be the result of forager-induced selection (Loméascolo & Schaefer, 2010; Rojas et
w6 al, 2021; Soldati et al., 2015). In the tropical rainforests, for example, the cognition of frugivorous
a7 primates has probably been shaped by the challenge of the ephemerality and dispersion of their food
s (Milton, 1981: Trapanese et al., 2019%a; ZuberbUhler & Janmaat, 2010), supporting complex (Janmaat
s etal, 2013; Janson, 1998, 2016; Robira et al., 2023a; Teichroeb & Vining, 2019; Trapanese et al.,
so 2019b) and versatile (Janmaat et al., 2006; Robira et al., 2023b; Trapanese et al., 2022) movement
51 heuristics. In turn, primates remember and forage for the most rewarding plants (Ban et al., 2014;
52 Ban et al., 2016; Florchinger et al., 2010). The most attractive plants are thus more likely to have
53 their seeds dispersed, driving plant and landscape evolution [soldati2017long; Chapman et al. (2013);
s« Lambert and Garber (1998)].
55 The way seeds are dispersed contributes to the emerging pattern of resource distribution (Vittoz
ss & Engler, 2007). Most of the world’s trees (Tiffney & Mazer, 1995) and especially rainforest trees
57 (Bagchi et al.,, 2011; Gottsberger & Silberbauer-Gottsberger, 1983) are dispersed by animals (zoo-
ss  chory). Compared to other modes of dispersal, such as wind (anemochory) or gravity (barochory),
5o zoochory induces a less patchy distribution of adult trees (Seidler & Plotkin, 2006; but see Hubbell,
e 1979). However, animal-dispersed fruit trees are still not homogeneously distributed (Hubbell, 1979).
61 1his is because although travelling long distances, animals may tend to revisit memorised sites regu-
62 larly, if not exclusively (Addis et al., 2017; John et al., 2016; Soldati et al., 2015). Furthermore, the
63 imperfection and limited size of spatial memory (Fagan et al., 2013) is expected to lead to different
e Movement patterns (Avgar et al.,, 2013), and therefore potentially to different patterns of resource
s distribution (Cortes & Uriarte, 20713).
6 By influencing the spatial distribution of plants, animals may also shape the relationship between
67 the spatial and temporal availability of resources. Indeed, the tendency of animals to repeat travel
es decisions (i.e., their routine, Riotte-Lambert et al., 2017), may result in seeds being deposited along
60 fixed spatial sequences. Thus, all trees fruiting at the same time may be deposited in the same place,
70 affecting their local synchrony in food production. Synchrony in productivity can then be used by
7 animals to optimise movement decisions (Janmaat et al., 2012). By being affected by cognition and
72 by affecting resource dispersal, animal movement could thus lead to eco-evolutionary feedback loops
73 between animal cognition and resource distribution (Borah & Beckman, 2022). In other words, for-
74 aging cognition could be both a cause and a consequence of resource heterogeneity.
s o illustrate the possible retroactions between cognition and resource distribution, let's consider
% an extreme speculative scenario in which seed-dispersing frugivores are freely foraging (Figure 1).
77 At start, assuming a random homogeneous distribution, long-term spatiotemporal memory can be
7 advantageous and selected for (Bracis et al., 2015; Grove, 2013). Through zoochory, deliberate tar-
79 geting of some resource patches over others may induce a change in resource distribution over time
s (e.g., increasing patchiness and local synchrony among trees), eventually making cognition more and
g1 more advantageous (Boyer & Walsh, 2010; Bracis et al., 2015; Grove, 2013). Gradually, by repeatedly
&2 targeting the same plants, the routes used by the foragers may begin to materialise through the seeds
83  Scattered along the way (Di Fiore & Suarez, 2007). However, in doing so, foragers who can only pas-
s Sively follow these routes due to their sensory abilities and have survived may also begin to become
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s very efficient: they should not even have to bear the cost of high cognitive ability, putting them at
s an advantage over foragers who bear the burden of cognition (Burns et al., 2011; Raichle, 2006).
sz While the pattern of resource distribution can be maintained because the routes are used equally by
s all foragers (but through two different mechanisms: long-term memory vs taxis/kinesis, Benhamou &
s Bovet, 1992; Benhamou & Poucet, 1995), cognition could even start to be counter-selected.

o  While some facets of this scenario may be rooted in empirical evidence (e.g., forest elephant paths
o1 matching with food distribution, Blake et al., 2009; Blake & Inkamba-Nkulu, 2004; Campos-Arceiz
o2 & Blake, 2011), most of it remains speculative. The aim of this study is to put such a scenario to
o3 the test using an agent-based model simulating the movement of seed-dispersing frugivores (Figure
e 2). Specifically, | aim to identify the conditions that favour the emergence of an eco-evolutionary
os feedback loop between animal spatiotemporal cognition and resource distribution. To do this, | first
o6 Varied two forager traits (the amount of knowledge about plant location and phenology, and move-
o7 ment rules) and one plant trait (spatial competition) to measure how this affected plant aggregation
os (patchiness), the formation of materialised routes by the plants (alignment), and the local synchrony
o Of plant phenology (spatial autocorrelation in fruiting dates) after the forager foraged for a long time
w0 and seed dispersal occurred. | predicted that higher spatiotemporal knowledge would lead to the
11 emergence of route-like patterns (see Appendix, Using patchiness and alignment to characterise spa-
w2 tial point patterns for how this is evidenced by resource patchiness and alignment values) with locally
103 synchronous fruiting as a consequence of routine movements. As animals may show different levels
10« Of opportunistic exploration en route to the target (e.g., stopping by to all plants, or heading directly to
s  the target), | tested whether the magnitude of changes varied with the agent movement rules (i.e., if
106 the agent stopped at all plants encountered on the way to the target plant, rather than passing all or
w07 only non-fruiting other perceived plants). In addition, as plants may also play a role in their own dis-
ws  tribution (e.g., through competition for space, Craine & Dybzinski, 2013), | repeated these scenarios
100 considering different level of spatial competition between plants to test whether spatial competition
1o could buffer (expected for high competition) or promote (expected for low competition) the observed
1 changes induced by the forager’s different cognitive levels. Second, | investigated whether variations
112 in space engineering would affect the forager’s foraging efficiency (i.e., the ability to find a lot of food
us by travelling a short distance). Following the illustrative aforementioned scenario, | expected that en-
s gineering should favour cognition (i.e., higher foraging efficiency) up to an extreme case (the formation
us  of materialised travelling routes).
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Figure 1 - Theoretical expectations on eco-evolutionary feedback loops between animal spatiotemporal cog-
nition and resource distribution
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116 n Material and Methods

117 Il.L1® Agent-based model

us  The main objective of the model was to simulate the foraging behaviour of a single agent in an en-
1o vironment that is dynamical both on the short term, through an interplay between resource growth
120 and depletion, and on the long term, due to seed dispersal (Figure 2). For simplicity, | will refer to the
121 agent as the forager, and to resource patches as fruit plants. The arbitrary units for both space and
122 time makes this model a simplified representation of possibly a wide variety of systems, depending on
123 the set of parameters chosen. For example, assigning a spatial unit of one metre, a temporal unit of
124 one day, and low spatial competition between plants could be consistent with an asynchronous trop-
15 ical tree forest in which a large terrestrial mammal forages. The model was implemented in the C++
126 language in R software (v.4.2.1, R Core Team, 2022) based on the Repp package (Eddelbuettel, 2013;
127 Eddelbuettel et al., 2023; Eddelbuettel & Francois, 2011). The model parameterisation is available in
128 lable 1.

126 Environment

10 Spatial distribution | modelled the environment as a flat square map of side 1000 arbitrary spatial
131 units (su). Within this map, 1000 plants were initially homogeneously distributed (uniform distribution
132 of their z and y coordinates, resulting in a Poisson distribution of plant density).

133 Resource growth Time was cyclical, with a season of 365 arbitrary time units (tu). Each plant pro-
13« duced resource (fruit containing seeds) for 30 tu only once every season. Periods of productivity of
135 each plant were randomly distributed (i.e., uniform distribution of the start date). Thus, resource was
136 Seasonal at the plant-level, but not at the map-level. Productivity was characterised by a triangular-
137 shaped pattern of the quantity of food over time: at start of the productive period, food quantity
138 started to increase linearly up to 1 arbitrary food unit (fu), mimicking progressive fruit ripening, and
130 then decreased linearly to O fu, mimicking fruit rotting. The depletion of the food by the forager had
uo No effect on this dynamic. Food could continue to ripen (though never to the same extent as if it
11 had not been depleted) and rot. At a given time, the quantity of food available at a given plant thus
12 depended on the productivity of the plant at that time, as well as the depletion history by the forager,
u3  creating a short-term dynamics of resource temporal distribution.

us  Seed dispersal Trees reproduced by ingestion of ripe fruit by the forager and subsequent dispersal.
s Once the forager ate ripe fruit, seeds could be dispersed only one time up to 0.5 tu after ingestion.
us Dispersal occurred at a probability of 0.02 tu™!, independent of the quantity of fruit ingested. This
7 probability was considered low, to mimic the natural slow pace of land use changes. All fruit eaten
us did not mandatorily lead to dispersal. Dispersal was eventually successful only if some space was
o left available for the new plant: no plant had to be at a distance less than 3.61 su. This number was
10 Obtained such that the cumulative (when non-overlapping) exclusive “lifespace” by plants (a circular
151 area of radius the aforementioned distance) could reach the area of a map of length 0.45 times that
12 of the full map (but other values, referred as spacing intensity were tested, see Route formation as a
153 product of two forces). If it happened that there was available space for the seedling to grow, then
154 the seedling location was sampled in the available space along the linear path linking the previous and
155 current locations. Otherwise, the seedling could not grow and died.

16 If the seedling was successfully dispersed and recruited, an old plant (already present in the map) was


https://doi.org/10.1101/2023.08.01.551244
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.01.551244; this version posted March 8, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

INITIAL CONDITIONS

available under aCC-BY-NC 4.0 International license.

TEST CONDITIONS

Moving rules - : FORAGER'S TRAITS
Stopping at ; . :
pping 1) Effect of cognition :
%J , _
k<% L ] |
= T N os 3] _ With < . Without o
- - Dispersal | « == | Dispersal Foraging !
‘ )f N - - | e |® o o ——T " "% e . - r- v | :
# known plants Fruiting plants L St | "™ |(100 seasons)|* o (5 seasons) efficiency!
locations - PO il i 1
A P oo
Targe 257 hd .. 3 - :.o - 3.0 W!ﬂ'!OMT
. . :
I 1 e|T oo —— | e &| —— | e« & | Dispersal |
: . !
Single forager oAt 3T, c . * | (20 seasons) :
\ 7y &8 .* @ -
S 50% - > - Foraging
! : . . :
o Sensory range 1 o] %t e, efficiency
S 1 All plants - - - !
S Plant's 3 o :
Plant exclusive L e - PR we.o| Without |
space ; | T | T e | T et Dispersal ‘
oAlplants | Ty * | (20 seasons) !
. 1000 plants homogeneously : ‘
" . i - '
distributed at start P€ <% 3 e Foraging |
- _ : 1007 - - ! :
. Seasonal fruiting (plant—level) S AR Bl R efficiency |
i All plants - - :
, | Patchiness Routine |
; Alignement :
= Fruiting spatial aufocorrelation |
S :
© :
w 2) Effect of movement rules '
30 tu - With " Without  — |
1007 . . ]
25 1 | . : Dispersal | Jee®| Dispersal | Tee® 3
| — - _— - H
51u Do Mante | e < [(100 seasons)| T Te” | (5 seasons) | T Te :
' - - o - . '
e® o - - |
1007 - * : S : ol |
T e . EEE—— e & EEE—— e & :
o) e e ® - -
\Fruiting plants| o - b hd
: : . o - - L -
- ® e -
- : - ’. .. - ‘. .. -
> R > - - -
Target he he hd h
Pafchiness Routine
Alignement
Fruifing spatfial autocorrelation
PLANT'S TRAITS
3) Effect of space competition
- With Without
hd * . -~ o . - o
- Dispersal s ee"| Dispersal pAPes
* - <& - » e * -_—-r- -5 o®e *
.| . (100 seasons) - (5 seasons) -
All plants - ® - -
B
- * - - :
1007 - * : R hghe e
- .."0 —— e & EEE—— . &
Alplants | o o T . -
. o °| -
* - - .. ®e .. s,
100% .- .. I P I PR e
- - hd - hd
-
Al plants e > bl bl
- Pafchiness Routine
Alignement

Fruifing spatfial autocorrelation
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157 randomly selected and died to keep density constant. The start date of fruiting of the newly recruited
18 plant was randomly sampled within a reduced Gaussian distribution (i.e., variance of one) centered
150 on the start date of fruiting of the parent plant. Because memory size can affect foraging efficiency,
1o to keep it constant, the location and fruiting time of the newly recruited plant were memorised if
161 it replaced a plant that was part of the forager's memory (see Appendix, Sensitivity to the learning
w2 pathways following old plant mortality for a test of an alternative learning way). The newly recruited
163 plant was considered as mature only the season after. Seed dispersal could thus induce a long-
¢ term dynamics of resource spatial distribution and of the distribution of starting dates in the plant
165 population.

166 Forager

167 Cognitive abilities The forager was endowed with a gradient of knowledge abilities: from no mem-
18 ory of the locations of plants (naive forager) and the timing of their period of productivity to perfect
160 omniscience (i.e., all plant locations and associate phenology are known). Otherwise, it only knew a
o certain proportion (fixed for the whole simulation) of plant locations and their associated phenology
i (hereafter spatiotemporal knowledge rate). These plants were selected randomly at the start of the sim-
12 ulation. When a plant was part of the forager's memory, the forager knew both the spatial (location)
w3 and temporal (fruiting timing) attributes. Thus, it could not know only one or the other.

17+ Movement rules The forager was initially randomly located within the map. It is fully aware of
s plants present within sensory range fixed to 15.81 su. This actually corresponds to the average
176 Nearest-neighbour distance which equates 2—\1/5, with p the density of plants (here 0.001) at start of

w7 the simulation where plants are homogeneously distributed. It is also aware of plants that are part
s Of its spatiotemporal long-term memory. To decide where to head next, the forager could either rely
1o on its private knowledge (sensory or memory) or not. If all plants within its private knowledge did
10 ot yield any fruit (i.e., all having less than 0.001 fu), the forager was moving randomly. Random
181 movements were performed by randomly choosing a direction (uniform distribution of the heading
1,2 angle), while the step length was sampled within an exponential distribution of mean Agepiength =
13 0.01. An exponential distribution of step lengths is indeed classically observed in nature (Benhamou,
1we  2014). Otherwise, the forager attempted to maximise its predicted short-term foraging efficiency
15 (i.e., of the next movement step) and targeted the closest plant which maximised it. Predicted short-
16 term foraging efficiency was defined as the ratio between the move benefits, here the predicted
17 food quantity at the plant (which accounts for depletion history), and the move costs, here linearily
188 proportional to the distance to the plant. Nonetheless, the forager avoided to target plants recently
180 Visited within the previous 2 tu to avoid targeting recently depleted plants (Robira et al., 2021).

10 Once the target had been chosen (or random point, if none), the forager moved straight to the
11 first plant that should have been theoretically perceived en route to the initial destination point if any
12 (provided they were not recently visited), or the destination otherwise. When this destination was
103 reached, it depleted all the food available and then re-estimated the best plant to target and so on.
14 After each moving bout time was updated based on the distance travelled, knowing that the forager
15 moved at a speed of 1000 su/tu (see Appendix, Sensitivity to the agent’s speed for results with an
106 agent moving at half, or twice, this speed). Then, the resource quantity available at each plant was
107 Updated.

ws  In case all plants were empty (no food available in the environment, considered if the sum of food
100 available was less than 1 fu), the forager entered a torpor period for 1 tu, and so on until food was
200 available again. This was done to avoid biasing measure of foraging efficiency in case the forager
201 could deplete entirely the environment while being unable to disperse to another area, as expected
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202 in nature if this happens.
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Table 1: Model parameters

Modelling entity ~ Parameter Definition Value Unit
Environment Map size Length of a side of the square environmental map 1000 su
Environment Quadrat size Length of a side of a square quadrat to calculate Lloyd index of patchiness 50 su
Environment Period length Length of a period before a given plant starts producing again 365 tu
Environment Number of seasons Number of seasons (with seed dispersal plus without seed dispersal) before the simulation is ended 100+ 5 -
Environment Number of plants Number of plants hosted by the environment 1000 -
Environment Fruiting length Time duration of the fruiting period of each plant 30 tu
Environment Maximum food yielded at a plant ~ Food quantity that a plant might yield at best (peak of the triangular-shaped food distribution) 1 fu
Environment Spacing intensity Relative length of a square map whose area would correspond to the area of exclusive spaces of all plants without overlapping 5,45, 85 -
Agent Speed Speed at which the forager moves (500,1000,2000) su/tu
Agent Torpor time Time duration for which the forager stops foraging in case no food is available in the environment 1 tu
Agent Perceptual range Distance at which the forager is aware of the environment 15.81 su
Agent Knowledge rate Proportion of plants of the environment for which the forager knows the location and prodution timing (0,0.25,0.5,0.75, 1) -
Agent No-return time Time delay before a forager mentally decides to target a previously visited plant 2 tu
Agent Dispersal time Time duration during which seeds from a previously ingested fruit can be dispersed 0.5 tu
Agent Probability of dispersal Probability (per tu) that the seeds is actually dispersed 0.02 1/tu
Agent lambdal"step length"] Average step length for random movements used to parameterise the exponential distribution 0.01 su
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203 Il.2® Analyses

204 Characterisation of plant distribution patterns

205 10 assess whether different levels of cognition resulted in different organisations of the spatial distri-
206 bution of plants at the end of the simulation, | focused on three metrics describing plant spatiotem-
207 poral patterns: the patchiness, the alignment and the spatial autocorrelation of fruiting timing.

208 Patchiness Patchiness (i.e., the tendency of plants to aggregate into clusters) was measured using
200 Lloyd’s index of patchiness (Lloyd, 1967). This index is given by the following formula

210
n;(n;—1
211 P = Nquad'r’at%

212

a3 where n; represents the number of plants in quadrat i and Nyyqedre: the number of quadrats. The map
24 was divided in 400 square quadrats of side 50 su. The quadrat size, provided sufficient length for
215 biological relevance, little affects the measurement (Lloyd, 1967). Lower values indicate homogeneous
26 distribution while larger values indicate heterogeneous and route distributions (see Appendix, Using
a7 patchiness and alignment to characterise spatial point patterns).

z18 Asthe forager is set up to forage in a square map with reflective boundaries, seed dispersal may lead
210 to the shrinkage of resource range towards the centre of the map (where recursions are inevitably
20 higher). As patchiness is estimated on the whole map, this shrinkage would contribute to inflating
a1 the calculated patchiness. Indeed, patchiness measures the tendency of plants to have more neigh-
222 bours in their vicinity (i.e., quadrat size) than expected based on the density in their overall range. By
23 affecting this range, shrinkage may lead to more 'empty’ patches and more 'crowded’ plant patches,
24 but only because the area covered by plants has been reduced (forming one large patch, an artefact
25 not of interest here as the forager will limit foraging in this large patch), not because plants have been
26 regrouped into multiple patches (which is of interest here as this affects the benefits of cognition).
27 | therefore calculated a measure of shrinkage s as one minus the area covered by the 95% of the
28 Gaussian-based kernel distribution based on all plant locations divided by the map size (“kernelUD”
220 function of the adehabitatHR package (Calenge, 2006), with a smoothing parameter h set to 50; the
230 kernel was bounded by the map borders). To account for variations in shrinkage in the different simu-
231 lated scenarios (see Appendix, Variations in resource range shrinkage intensity), | corrected patchiness
222 such as P. = P(1 — s). In this way, for a similar spatial distribution, patchiness will be more important
23 If the overall range is large, that is, if the shrinkage is low.

24 Plant alignment Routes are (curvi-)linear features. To assess the tendency of plants to form linear
235 motifs, | quantified their alignment. For a given plant, alignment a was defined as one minus the
26 Minimum of the sine of the angles of the triangle formed by the plant of interest and the two closest
237 plants. This varies from perfect alignment (value of 1), to no alignment (i.e., the minimum angle would
28 be at worst 60° hence an alignment of ca. 0.134). Therefore, | used a corrected alignment a. varying
239 from O (no alignment) to 1 (perfect alignment) such as

240

a—(1—swn(w/3
24 e = 1_E1_sm§43§§
242

23 An environment where routes are formed should result in many points having a high alignment (value
24 Close to one) and fewer low values (close to zero, such as the hubs of the route network); this means
25 that high values should be over-represented compared to low values, resulting in a long left tail, also
us  known as negative skew. To have an index ranging from O (low alignment) to 1 (high alignment), |
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27 defined the general alignment for a given environmental map as the opposite of the skewness of
2s alignment values of all plants in the map. In this case, positive values indicate the existence of linear
20 motifs while negative values indicate no obvious linear motifs. As confirmed from simulations, random
20 distributions (homogeneous or heterogeneous) should show moderate positive values, while a route
21 pattern should have a high positive value (see Appendix).

22 Spatial autocorrelation of fruiting timing Spatial autocorrelation of fruiting timing (i.e., the ten-
23 dency of fruiting date of plants to more closely match that of neighbours than of distant plants) was
254 Calculated as the Moran Index, I, applied to the start of fruiting dates. Since the "start of fruiting dates"
255 corresponds to a circular variable, | followed (Schmal et al., 2017) to adapt existing functions of the
36 dpe package (Paradis & Schliep, 2019) to circular variables. Moran’s | was therefore defined as

257 _ ~

I 1 Zij Wij d(ti,t)d(tj,t)
258 — =
Zij Wij N-1 Zz d(ti,t)2

%0 Where N is the number of plants, ¢ is the fruiting date (transformed to radian), and d(t¢1,t2) =
1 atan2(sin(t; — t2),cos(ty — t2)), t = atan2(1/N Y, sin(t;),1/N >, cos(t;)), that is the angular dif-
262 ference between the two circular variables ¢t; and ¢9. | used the inverse of the Euclidean distance
263 between plant locations as weights w. Values of I close to O indicate absence of spatial autocorrela-
264 tion. Values close to -1 indicate negative spatial autocorrelation. Values close to 1 indicate positive
265 Spatial autocorrelation.

26 Routine emergence For each simulation, | verified whether a routine behaviour emerged and par-
27 alleled the variations in plant distribution. Routine was defined as the predictability of the plant visit
8 sequences during five supplementary seasons in which dispersal could not occur, such as the spatial
260 distribution (and plant id) remained unchanged. Predictability was defined as one minus the first-order
a0 conditional entropy (Hq) of the plant id visit sequence (Riotte-Lambert et al., 2017). Hy characterises
o the average uncertainty about the next plant to be visited (T,), knowing the previous visit T;, (Riotte-
o Lambert et al., 2017), such as: Hy = — Y% P(T},) ".V_, P(T,|T},)log2(P(T,|T,)) where _* represents
23 all possible T,,, V' the number of visits, and P() means “probability of”. | computed the routine possibly
o Up to only a first-order conditional entropy, as computing routine indices is computationally demand-
a5 ing and a first order is expected to be the most informative to describe a perfect traplining behaviour
a6 (Riotte-Lambert et al.,, 2017). The routine index varies from O (no routine) to 1 (perfect traplining).
a7 | computed the routine possibly up to only a first-order conditional entropy, as computing routine
o indices is computationally demanding and a first order is expected to be the most informative to de-
279 scribe a perfect traplining behaviour (Riotte-Lambert et al., 2017). The routine index varies from O
280 (no routine) to 1 (perfect traplining).

281 Research questions and associated scenarios

22 Q1. Does resource spatiotemporal distribution vary with cognition level? To investigate whether
283 different levels of cognition eventually led to different distribution patterns, | considered five forager
28 types differing by the proportion of plants for which the location and phenology were known (from
285 0 to 100%, at a step of 25). For each forager, 200 simulations were performed for a given condition
286 (i.e., spatiotemporal knowledge rate, constant throughout the entire simulation), in which the forager
g7 foraged individually 100 seasonals.

28 Q2. Does resource distribution engineering favour some cognition levels? To investigate whether
280 the engineered distribution of plants could in turn affect the foraging benefits purported by cognition,
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200 | used the final plant distributions of simulations computed to answer question 1). For each of these
201 plant distributions, in three different simulation runs, | let forage a forager endowed with no, interme-
202 diate (i.e., half of plants known), or full (all plants known, omniscience) spatiotemporal knowledge. In
203 these simulations, no seed-dispersal could occur. | measured the foraging efficiency after the forager
204 foraged for 20 full seasons and compared them across environments and forager abilities. Foraging
205 efficiency was computed as the cumulated quantity of eaten food, over the cumulated distance trav-
26 elled. | verified that at the end of the simulation that foraging efficiency stabilised, which meant that
207 | reached a foraging equilibrium. | considered that foraging efficiency stabilised when the foraging
208 efficiency sampled after each moving bout during the fourth and fifth quintile of simulation times did
200 Not differ of more than 5% (reference is the minimum efficiency in the fourth or the fifth quintile of
s0  simulation times). | performed 200 simulations for a given condition (i.e., knowledge rate) .

s Q3. Route formation as a product of two supplementary forces? Plant competition for space and
32 forager movement step rule During the model construction, | noticed that two mechanisms could
33 amplify the phenomenon of route formation, in addition to the use of memory: space competition
34 between plants and sequential targeting of all plants seen en route to the target. To better quantify
305 the effect of those two forces, | considered two other sets of 200 simulations each.

6 10 assess the effect of competition for space between plants, | compared the final plant spatiotem-
so7  poral patterns when an omniscient forager (all plant locations and phenology known) was let foraging
s8  iN the same setting as in question 1, with the only difference that the spacing intensity could be of
s0 5 (small lifespace, high local plant density), 45 (intermediate lifespace, intermediate local plant den-
310 Sity and reference setting) or 85% (large lifespace, low local plant density), so that the radius of this
a1 exclusive circular lifespace was always inferior to the perception range (12.89 su vs 15.81 su).

s12 o assess the effect of the movement rule of the forager on plant distribution patterns, | compared the
s13 final plant spatiotemporal patterns when an omniscient forager was let foraging in the same setting as
a4 in question 1) and while the stringency in skipping plants encountered en route varied. It could either
315 stop at all plants perceived on the way to the initial target (mimicking a “monitoring” behaviour, as in
a6 all other simulations; small skipping stringency), stop only at plants currently fruiting (i.e., with at least
a1z 0.001 fu, mimicking an opportunistic feeding only; intermediate skipping stringency) or move directly
a8 to the target (large skipping stringency).

310 m Results

320 lll.1® Resource distribution is affected by the forager’s cognition

s Using simulated environments (see Appendix), the expected patchiness for route patterns was 1.514
32 times and 1.166 times superior to homogeneous and heterogeneous distribution patterns, respec-
33 tively. Alignment was 2.913 times and 3.147 times higher in route patterns than in homogeneous and
324 heterogeneous distribution patterns, respectively. In homogeneous environments, considering high
35 |local synchrony in fruiting dates resulted in spatial autocorrelation 23.454 times higher than consid-
36 ering intermediate local synchrony . In heterogeneous environments it was 28.291 times higher than
37 considering intermediate local synchrony. In both homogeneous and heterogeneous environment,
8 Moran’s Index reached a value close to 0.008 for intermediate local synchrony, and was coherently
30 close to O when no local synchrony was modelled (see Appendix, Using Moran's Index to characterise
30 plant synchrony). These benchmarks, useful to calibrate the magnitude of the changes, are shown in
a1 (Figure 3).

322 Foragers’ spatiotemporal knowledge rate affected the resource distribution emerging after it had
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Figure 3 - Seed-dispersing foragers can shape resource distribution | The notched box plots show the results
of 200 simulations when a seed-dispersing forager with varying level of cognition (i.e., proportion of plant
locations and associated phenology known), moving choice rules or space competition intensities between
plants (the two latter being simulated with an omniscient forager; left to right) was let foraging for a long time.
The resulting distribution pattern was assessed by its patchiness (the tendency of plants to be aggregated into
patches; larger values indicate highly aggregated plants), its alignment (the tendency of plants to form linear
geometries; larger values indicate the presence of linear geometries) and spatial autocorrelation in fruiting date
(the tendency of plants to have fruiting dates closer/farther in time to their spatial neighbours; values close to
-1 indicate negative spatial autocorrelation, values close to O indicate no spatial autocorrelation, values close
to 1 indicate positive spatial autocorrelation). Indices’ benchmarks obtained from simulated environments are
represented by the horizontal lines (Homo. = Homogeneous, Hetero. = Heterogeneous, Synchro. = Synchrony)
(see Appendix). Because of overlap, only alignment akdl intermediate synchrony in a homogeneous (and not
heterogeneous) environment was plotted. The emerging movement behaviour of the forager was described in
terms of routine behaviour (the tendency of the forager to target plants in a predictible way; values close to O
indicate no predictible movements, values close to 1 indicate highly predictible movements).
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333 been let foraging for a long time (Figure 3A). Both the patchiness (the tendency of plants to be ag-
s34 gregated into patches) and the alignment (the tendency of plants to form linear geometries) abruptly
335 changed when the forager was cognitively endowed. Specifically, patchiness followed a ratchet ef-
336 fect, abruptly increasing as soon as the forager was cognitively endowed (spatiotemporal knowledge
337 rate > 0.25) up to being 1.199 times superior to when a naive forager foraged. Alignment progres-
s sively increased with the forager's spatiotemporal knowledge, up to being 1.681 times superior to
330 When a naive forager foraged. (Figure 3A). In other words route-like patterns started to emerge as a
a0 consequence of memory-driven movements.

a1 Spatial autocorrelation in fruiting date (the tendency of plants to have fruiting dates closer/farther in
2 time to their spatial neighbours) somehow followed the same trend as patchiness (Figure 3A). Specifi-
a3 cally, when a forager endowed with spatiotemporal knowledge foraged, the spatial autocorrelation in
sa  fruiting dates was about 7.713 times (mean value = 0.029) more important than when a naive forager
s foraged (with a spatial autocorrelation close to Q). In other words, the synchrony in fruiting among
s Neighbouring plants started to emerge as a consequence of memory-driven movements.

sz Overall, space engineering was paralleled with the emergence of routine behaviours, which increased
s With spatiotemporal knowledge rate to saturate around 0.8 (Figure 3A). This held when no dispersal
a9 occurred (Figure A6).

50 1hese results were robust to the speed at which the agent moved, but were somewhat hampered
51 by the inability of the agents to learn the new seedling locations when an old tree died (instead the
352 agent learned the location and phenology of the last fruiting plant visited; Figure A8).

353 lll.2® Engineered patterns affects the benefits of spatiotemporal cognition

354 Onaverage, an “‘omniscient” forager (knowing all plants’ locations and phenology patterns) was around
355 1.316 times more efficient than an “intermediate” forager (knowing only 50% of them) or 3.666 times
356 than a "naive" forager (knowing none of them) (Figure 4). While the benefits of omniscience relatively
357 to a naive forager were rather constant (min-max = 3.582-3.737 times larger), the relative benefits of
358 intermediate memory varied a little with the resource distribution emerging from previous engineering
350 (Figure 4). Compared to when the foragers foraged in an environment previously shaped by a naive
0 forager (left boxplots in Figure 4), the relative foraging efficiency of intermediate foragers compared to
361 Naive foragers increased of 5.7% and 7.91% when the foragers foraged in an environment previously
2 shaped by an intermediate or omniscient forager, respectively (middle and right boxplots in Figure 4).
63 Similarly, the relative foraging efficiency of intermediate foragers compared to omniscient foragers
364 increased of 10.31% and 9.62% when the forager foraged in an environment previously shaped by
35 an intermediate or omniscient forager, respectively, compared to when the foragers foraged in an
66 environment previously shaped by a naive forager. This means that space engineering has affected
67 the foraging benefits of spatiotemporal memory, but not necessarily in a way that promotes the level
s Of cognition that shaped it.

369 l1l.3® Route formation is reinforced because of opportunistic stops and by low
370 plant space competition

sn How a forager moved to the target affected the emerging resource pattern (Figure 3B). In particular,
52 moving to all plants encountered en route to the target (“All plants” moving rule, Figure 3B) induced
;3 a 1.117 times lower patchiness than only stopping to fruit plants (“Only fruiting plants” moving rule,
s Figure 3B) and 1.128 times lower than moving only to the target (“Only target plants” moving rule, Fig-
35 Ure 3B). Resource alignment was 1.081 and 1.172 times higher when the forager stopped at all plants
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Figure 4 - Relative foraging benefits of cognition are sensitive to the emerging resource distribution | The ‘initial
condition’ of resource distribution was taken from the simulations in which a naive, intermediate or omniscient
forager was first let foraging. Then, those three forager types were let foraging (separately) without dispersal
and foraging efficiency was measured (cumulated food eaten over cumulated travelled distance).
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36 rather than only stopped fruiting plants or moved directly to the target (Figure 3B). Both patchiness
sz and alignment were considerably reduced by competition for space between plants, with patchiness
s 1.643 and 2.134 times larger when competition for space between plants was low compared to when
sr0 it was intermediate or high, and alignment being 2.04 and 7.814 times larger, respectively (Figure 3C).
0 Spatial autocorrelation in fruiting date remained mostly unaffected by the forager movement rule
s but decreased with competition for space between plants with the same magnitude as the changes
32 induced by the forager's spatiotemporal knowledge (Figure 3B and C).

3 Variations in movement rules were paralleled by variations in routine behaviour, with foragers moving
s8¢ to all plants being 1.122 and 1.194 times more routine than foragers stopping only to fruit plants or
s their target, respectively. Competition for space between plants similarly affected the tendency of
86 the forager to engage in routine behaviour, with a larger routine when competition for space between
ss7  plants was low (Figure 3B).

388 Discussion

389 he environment is shaped by the species that inhabit it. The destructive behaviour of some
390 animals when moving, such as forest elephants (Pringle, 2008:; Vanleeuwe & Gautier-Hion,
1 1998), can lead to blatant changes, but more elusive - yet no less ecologically relevant - engineering
32 can also occur over longer time scales. Using an agent-based model, | have illustrated the role of
303 vagile animals in shaping the distribution of plants through zoochory. Based on a minimal set of
304 realistic assumptions, | showed how this slow process could affect resource distribution provided that
35 the seed-dispersing animal was endowed with cognitive abilities, which in turn shaped selection on
306 these abilities. Therefore, this study illustrates how foraging cognition could be both a cause and
37 @ consequence of resource heterogeneity. By its inherent simplicity, the models may nonetheless
308 suffer from limitations which may weaken the conclusions in nature (see Box 1). As such, this model
399 represents a proof of concept for an eco-evolutionary feedback loop between cognition and resource
a0 distribution, but does not confirm its existence in the wild.

401 As the breadth of knowledge increased, routine behaviour, the ability to repeatedly follow a fixed
a2 sequence of movements, developed (Riotte-Lambert et al., 2015). The model evidenced that the
a3 emergence of such behaviour was associated with changes in the distribution of resources, which
a4 tended to become more patchy, eventually forming linear features paralleling the routes used. The
a5 agglomeration of seeds for cognitive foragers has been proposed theoretically (John et al., 2016) and
w06 empirically (Fragoso et al., 2003), ultimately impacting the genetic structure and flow of plant popu-
a7 lations (Gelmi-Candusso et al., 2017). Here, the model highlighted how engineering can go further
a8 by contributing to a more organised distribution of resources, with the emergence of linear features
a0 likely to be associated with the foraging routes used due to cognition, as suggested by forest ele-
a0 phant routes matching with fruit gradients in the forest (Blake et al., 2009). Indeed, the non-linearity
a1 Of the changes in patchiness and alignment with the cognition of the forager likely corresponds to the
42 formation of the routes themselves, with the “materialisation” first of the route intersections (hence
a3 higher patchiness, lower alignment for low cognition), where most of the recursions occur (Presotto
a4 etal, 2018), before more routes are used and formed when cognition increases. Long-distance travels
as through these routes may explain why animal-dispersed plant species are less aggregated than when
a6 Other dispersal mechanisms are involved, such as barochory, where dispersed seeds do not travel far
a7 from the parent plant (Seidler & Plotkin, 2006). This engineering remained yet limited because the re-
a8 source patterns did not fully match the simulated route-based patterns (see Appendix). Furthermore,
a9 given vertical inheritance of the parent plant phenology, seed dispersal induced a substantial shift in
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a0 Spatial autocorrelation in fruiting dates. This was not because the plants all ended up fruiting at the
a1 same time (i.e., due to global synchrony of plants), as there was still ample variation in fruiting timing
a2 atthe end of the simulations (see Appendix). Plant synchrony is an important tool that can be used by
a3 foragers to plan their movements efficiently (Janmaat et al., 2012). Given the climatic drivers of large-
a4 scale synchrony, the latter can be tracked by animals (Janmaat et al., 2006). A fine-scale synchrony is
a5 also observed in nature (Lamontagne & Boutin, 2007) and might as likely affect animal foraging suc-
a6 cess. While large-scale population trends in phenology might stem from genetic constraints (Chuine
a7 et al, 2000; Lyngdoh et al.,, 2012), the emergence of spatial autocorrelation in fruiting date in this
a8 model (which considers vertical inheritance) reinforces this idea, and evidences how gene flow may
a0 affect, in addition to local abiotic factors (e.g., lightening, local temperature, etc.), the spatial con-
a0 tingency of phenological traits. However, these conclusions may be challenged by more accurate
1 modelling of movement behaviour, which may lead to different results (see below). Despite these
42 limits, the observed spatial engineering could still be sufficient for the emergence of eco-evolutionary
a3 feedback loops between animal resources and animal movement (and cognition) (Riotte-Lambert &
a2 Matthiopoulos, 2020) due to the evidenced repercussions on foragers' foraging efficiency.

a5 While the same individual might experience little change in resource distribution over its lifetime,
a6 the progressive engineering of resource distribution could overturn selection over generations. This
a7 model showed that changes in environmental conditions were likely to affect the benefits of memory,
a8 but not enough to completely overturn selection. Indeed, in all environment, memory was advanta-
39 geous. The relative advantage of omniscience compared to no memory was nearly constant whatever
a0 the environment. Interestingly in contrast, the relative advantage of intermediate memory compare
a1 to no memory, was increased in engineered environments. The performance of these naive agents is
a2 clearly dependent on their sensory abilities (Grove, 2013). Although always superior to the randomly
w3 expected nearest neighbour distance, the sensory range modelled here may have been insufficient
a4 for simple movement strategies such as taxis/kinesis to perform well. As much as memory could be
a5 favoured, the environment could also shape sensory abilities (LaScala-Gruenewald et al., 2019). Still,
a6 the changes in the relative efficiency of cognitive agents open the door to the possible emergence of
a7 evolutionary feedback loops if the costs of memory are no longer compensated, which should lead
ag  to a dynamic equilibrium (Beisner et al., 2003) due to the simultaneous changes in memory benefits
a9 (hence selection) with space engineering.

a0 Space engineering was reinforced by the conjunction of two forces: the forager movement rules and
a1 competition for space between plants. Maximum resource engineering was achieved when the indi-
452 vidual moved to all the plants it encountered along the way and was able to learn the new seedling
w3 locations (see Sensitivity to the learning pathways following old plant mortality). At the other ex-
a4 treme, when the animal moved directly to the best target, and only learned previously visited trees
45 in case an old tree died, engineering was reduced, following routine trends. Although more effi-
a6 cient, moving straight to the target is rarely observed in nature. Instead, animals tend to move along
457 routes, sometimes bypassing or otherwise opportunistically inspecting plants without resources, fit-
a8 ting with a beacon-based navigation, where individuals move from beacon to beacon to reach a goal
w0 (Fagan et al., 2013; Warren, 2019). Such a movement strategy gives them the possibility to mon-
a0 itor the environment (de Guinea et al., 2019), allowing them to update personal information. As
a1 such, despite short-term costs due to detours, moving to all trees might provide long-term advan-
w62 tages. However, the simulated movement patterns remain extremely simplistic. Animal movement,
w3 learning, and memory, is in reality much more nuanced than in this modelling work (see Box 1). This
w4 could be important for seed acquisition and deposition (Morales & Morédn Lopez, 2022). For example,
a5 this model considered directed movement supported by memory, which could alternate with ran-
w6 dom steps when memory was limited but independent of local cue feedback, as it would rather be
w7 expected for efficient foraging (Benhamou & Collet, 2015). Animal movement may indeed alternate
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w8 between ‘large-scale’ directed relocation events and ‘area-restricted’ wandering searches of the plant
w9 iN a non-random manner (Bartumeus et al., 2016). When and where area-restricted searches occur
a0 may further contribute to the emergent distribution of seed deposition (Russo et al., 2006b; Westcott
an etal, 2005), provided that both seed deposition and foraging can occur simultaneously. Animals may
a2 yet be selective about where and when they defecate. The presence of latrines may contribute to
a3 shaping the distribution of resources too (Fragoso, 1997; Fuzessy et al.,, 2022b; Irwin et al., 2004;
aa Pouvelle et al.,, 2009; Sakamoto & Takatsuki, 2015). Overall, as movement and/or dispersal scales
a5 With behaviour and personality (Brehm & Mortelliti, 2022; Zwolak, 2018; Zwolak & Sih, 2020), but
as  also species and individual size (Jordano et al., 2007), a multi-individual and multi-species system
a7 could lead to a more complex multi-scale scaffolding than illustrated here (discussed in Box 1). This
ars could explain why the evolution of the cognitive machinery underpinning foraging might depend on
a9 the frugivore community composition (Robira & Perez-Lamarque, 2023).

a0 In this scaffolding, the plant itself may also play a role. Not only are seed characteristics important in
w1 the dispersal process (Albert et al., 2015; Fuzessy et al., 2018), but the success of seedling germination
a2 is highly dependent on the conditions in which the seed is deposited, due to direct or indirect actions
a3 of conspecifics. This model took into account negative interactions between plants (e.g., competition
a4 forresource, Craine & Dybzinski, 2013, inducing an exclusive space use) and illustrated how this could
a5 act as a barrier to spatial engineering. Indeed, as competition for space between plants increased,
a6 both patchiness and alignment logically decreased, cancelling out the engineering effect of cognition.
a7 While the model effect was interpreted as a competition for space, this may also encompass other
a8 processes such as greater exposure of seeds to predation risk in the vicinity of adult plant conspecifics
a0 (Janzen, 1970). Conversely, facilitation could also occur, with the adult plants acting as a shelter for
w0 new seedlings [Callaway (1995); but see Connell (1971) and Janzen (1970) for a contrasting rationale].
a1 This facilitation should increase clustering. While directly unmodelled here, in the quasi absence of
w2 competition for space, plant range was coherently drastically reduced (i.e., shrunk; Figure A5), with
a3 a tendency to agglomerate towards the centre of the map, where individual recurrences are likely
a4 to be most important. Therefore, the engineered patterns (e.g., from increased patchiness to route
25 formation) may also depend on plant interactions, adding to the complexity of the system depicted.

a6 1hesessile lifestyle of plants may have created the illusion of residual fixity in the environmental con-
a7 ditions that shape the lives of frugivorous animals. While, in the absence of depletion, the resource
a8 spatial distribution is likely to remain the same in the short term, conferring the benefits of informa-
a9 tion retention in frugivores, resource spatial distribution can also change over longer periods of time.
s0 Selection could thus operate in two ways : frugivores could play a key role in plant traits by actively se-
s0  lecting and dispersing their food, while their traits could have been shaped by foraging on that primary
s2 food. Considering the feedback loops between these different entities could be an important facet
53 to make sense of still poorly understood patterns of co-evolution, such as the primates/angiosperms
s dyad (Fuzessy et al., 2023; Fuzessy et al., 2022a; Gémez & Verdu, 2012; Sussman, 1991).
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Box 1 | Taking a step back: a critical discussion of the model limitations (to be continued)

This model is a proof of concept (i.e., answers the “what if’ question, Morales & Moran
Lopez, 2022): it shows that an eco-evolutionary feedback loop between animal cognition
and resource distribution is possible, but it does not confirm its existence in nature. This is
because, paradoxically, this model represents both a field of possibilities much larger than its
realisation in nature, and at the same time a drastic simplification of reality, which is actually
the essence of the model’s interest (Morales & Moran Lopez, 2022, as is often said, "all models
are wrong, but some are more useful than others", Georges E.P. Box). After some abstraction,
this simplification makes it possible to find analogies with various natural systems and make
predictions about what might happen in the wild. This is partly due to the arbitrary choice of
spatial and temporal units, which allows the model to be transferred to different ecological
systems. If the temporal unit is a day and the spatial unit is a metre, and spatial competition is
low, a tropical rainforest with asynchronous plants can be considered (e.g., many of the fig tree
species used by animals as a staple food, Shanahan et al., 2001). If you change the time unit to
half a day (and thus reduce the speed by two to keep the absolute speed the same), plants can
be considered synchronous, and thus you might consider focusing on the fruiting season only
of a seasonal rainforest, that classically characterises some rainforests of Central Africa and can
influence animals’ feeding habits and movement (Masi et al., 2009; Terborgh, 1986). However,
the mechanistic simplification of a real system also imposes limits on the generalisability of the
model, calling into question the accuracy of the predictions. This box highlights and discusses
some of the model limitations, and can serve as a compass for future research.

The environment: a shared place

The simulations presented here focused on a single forager occupying a square area filled with
plants. While this postulate may be valid for a territorial species (Burt, 1943), or because of
cognitively induced passive spatial segregation (Riotte-Lambert et al., 2015), some species may
still have overlap with conspecifics (e.g., in primates: Pearce et al., 2013). Moreover, space
is shared not only with individuals of the same species, but also with other species, some of
which may be targeting similar resources. Because individuals compete or learn from other
individuals, they may thus alter their movement based on conspecific (Sassi et al., in press)
or heterospecific (Havmaller et al., 2021) movements. Furthermore, the direct or indirect
interaction between individuals is likely to shape the selection on their cognition too (Ashton
et al., 2020; Robira & Perez-Lamarque, 2023). As individuals with different levels of cognitive
types can coexist, they can influence how animals move and deposit seeds (Borah & Beckman,
2022; Zwolak & Sih, 2020). By allowing different individuals to forage, and thus for the possible
coexistence of "opposite" movement patterns, the conclusions presented here may well be
overturned. Therefore, multi-individual models should be a future focus to understand the
role of the community (rather than the individual) in eco-evolutionary feedback loops between
cognition and resource distribution.
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Box 1 | Taking a step back: a critical discussion of the model limitations (to be continued)

The coexistence of dispersal syndromes

The only way for the modelled plants to disperse was by zoochory. The amalgamation of a
diaspore and a dispersal mode (i.e., the existence of a dispersal syndrome) is common, but
incorrect (Green et al., 2022). Many of the fleshy fruits, for example, are dispersed by both
barochory (local dispersal) and zoochory (potentially “global” dispersal). The multi-channel
possibilities for dispersal are likely to affect the resulting patterns of seed deposition (Clark
et al,, 1999; Rogers et al., 2019). By considering zoochory only, this model implicitly assumes
that it is the dominating channel of dispersal and therefore, that space engineering may only be
substantial, and affect selection on cognition, in that case. To which extent barochory (or other
dispersal means) may cancel out the engineering highlighted here, and thus, the consequence
on animals’ foraging cognition, remains to be explored.

Movement as a multifaceted behavioural trait

Animals may not move at random: their movement might be planned and result in a succession
of decisions inducing different movement modes (Fryxell et al., 2008). For example, an animal
may move from a locally exploited patch to another patch (relocation) and then search for
the resource within that patch (exploitation phase, Bartumeus et al., 2016; Benhamou &
Collet, 2015). Animal decisions, and thus, the multiplicity of movement modes, may result
from changes in both animal condition and environmental conditions (Nathan et al., 2008).
For example, during periods of food scarcity, hungry animals can drastically reduce their
movement, for example by entering torpor (Vuarin & Henry, 2014), as it has been modelled
here. In contrast, satiated individuals may engage less in foraging movement (Hansen et al.,
2015). Such short-term changes, following food distribution and animal physiology, may
even persist over longer periods of time. For example, western gorillas prefer fruit to leaves.
However, the abundance of fruit varies throughout the year, as does their diet, which changes
from high to low frugivory (Remis, 1997). These variations are mimicked by oscillations
in their activity, the distance they travel, and the area they cover per day (Doran-Sheehy
et al., 2004; Masi et al., 2009; Robira et al., 2023b). None of these possibilities occurred in
this model. Agent movement was restricted to the simplest case: ballistic movement from
target plant to target plant, if known and of interest, throughout the season. Only variations
of opportunism were implemented: stopping at all or only fruiting plants encountered en
route, or none. This was shown to reinforce, or buffer, the spatial engineering following the
seed dispersal by the agents. It is therefore likely that the neglect of movement pattern
diversity, and in particular concentrated movement such as area restricted search, may have
minimised long-term resource aggregation. Overall, coupling agent-based models such as
this with more explicit behaviourally-dependent habitat use and movement patterns (Bialozyt
etal., 2014; Russo et al., 20062) would increase the predictive power of these modelling works.
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Box 1 | Taking a step back: a critical discussion of the model limitations

Evolutionary and ecological change speeds

For eco-evolutionary feedback loops to occur, ecological changes (resulting from agents’
actions) should be substantial, and these ecological changes should in turn induce changes in
agents’ traits (Post & Palkovacs, 2009). This model formally illustrates the first condition (Q1;
see the third next bullet point) and suggests that the second condition is true, as the benefits
of spatiotemporal memory vary with the resulting engineering of resource distribution (Q2).
It only suggests this because agents’ fitness is only proxied by foraging efficiency (see the
second next bullet point). Furthermore, this model excludes the evolution of the agents (spatio-
temporal memory width does not change during the simulation). This is particularly important
in explaining why the model was designed to accelerate ecological change (e.g., plants reaching
maturity quickly after dispersal) in order to limit the computational time needed to test the
first condition (for substantial ecological change), but these choices should be inconsequential
on the model conclusion given the current model design (i.e., absence of evolution). However,
in eco-evolutionary feedbacks, the rate at which the environment changes and the species
traits of interest evolve (here spatio-temporal memory) are key. Indeed, for eco-evolutionary
feedbacks to arise and be maintained, the ecological and evolutionary time scales must be
congruent (Post & Palkovacs, 2009). Here, only ecological changes occurred, evolution did
not occur in parallel. To unambiguously confirm the existence of eco-evo feedbacks, explicit
modelling of spatio-temporal evolution should be performed. This would require careful
consideration of the ecological processes underlying seed dispersal success and plant growth
patterns. It would also mean considering a mortal forager. Indeed, in the present simulations,
the forager could be considered immortal or simply replaced by a clone with perfect vertical
inheritance of knowledge, a rather unrealistic assumption. Moreover, an individual may also
show plasticity in the known information (see the next bullet point below). Considering learning
and inheritance of knowledge is an essential next step to explicitly model the evolution of
spatiotemporal memory and thus to challenge the conclusions of this model.

Learning and forgetting: the dual aspect of memory

In this model, the agent was rarely able to learn new profitable locations. Only when a known
plant died was the location of an unknown plant (either the dispersed seed in most simulations,
or the most recently visited fruiting plant, see Appendix, Sensitivity to the learning pathways
following old plant mortality) learned. Such a simplified learning mechanism, which is clearly
unrealistic (especially for instantaneous learning of instantaneously growing new seeds), was a
convenient way to keep plant density (hence instantaneous growth) and memory size (hence
instantaneous learning) constant, as these two aspects are crucial in determining the benefits
of memory (Boyer & Walsh, 2010; Bracis et al., 2015; Grove, 2013, this paper). However, the
consequence of memory may arise from the nexus of learning, knowing, and forgetting (Krae-
mer & Golding, 1997; Tello-Ramos et al., 2019). In particular, in the case of foragers’ recursions,
the speed with which a fruitful site can be memorised or erased, and the cognitive abilities and
dynamics in general, may have a significant impact on foragers’ patterns of revisits and routine
(Berger-Tal & Bar-David, 2015), both of which were prerequisites for the emergence of resource
aggregation and local correlation in phenology. This would explain why the two learning path-
ways produced qualitatively identical (i.e., ranging similarly compared to the benchmarks), yet
quantitatively unidentical results, with memorisation of the seedling accentuating the environ-
mental engineering effect. Relaxing assumptions on memory stability and learning speed would
necessarily affect further the speed at which egplogical change may occur, as well as the
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Box 1 | Taking a step back: a critical discussion of the model limitations

likelihood for memory to evolve. Further work should therefore consider a more dynamic
memory to see how this may affect the existence and nature of eco-evolutionary feedback
loops involved in memory evolution.

The memory burden: memory benefits does not necessarily imply selection

For a trait to be advantageous, not only must it confer some benefits, but these benefits
must outweigh the costs that the trait may impose. In the case of cognition, for example, it is
known that it imposes additional metabolic costs, while less straightforward costs may arise
from the need to learn, from memory impairment, or from the consequences of knowledge
inaccuracy (Burns et al., 2011; Fagan et al., 2013). These costs are rarely studied and quantified
empirically, highlighting the need for such research to make models such as this more realistic
and less condemned to speculation about memory adaptiveness. In the meantime, in the
absence of explicit costs, the shortcut taken here has been to assume that foraging benefits
are synonymous with fitness benefits. In other words, the benefits of foraging compensate
for the additional costs of cognition. However, this is not necessarily the case. For example,
the benefits of spatiotemporal memory vary significantly with patterns of spatial distribution
of resources (Grove, 2013) and phenology (Robira et al., 2021). Variation in benefits with
environment conditions explains why cognition may vary between species (Van Woerden et al.,
2010; van Woerden et al., 2012). A clear formulation of fitness, and hence of the benefit-cost
trade-off associated with memory, is essential to further elaborate on the role of cognition in
animal evolution, including through these (possible) eco-evolutionary feedback loops (Hoyle
et al., 2008).

Biological substantiality: what is a lot in ecology and evolution?

As should be the case in modelling work, differences in resource patterns have been estimated
by quantifying changes in some indices compared to expected changes estimated on the basis
of simulated data, rather than on the basis of statistical tests which are meaningless in this
case (White et al., 2014). However, while this characterises the ecological relevance of the
change, it does not characterise the eco-evolutionary relevance of the consequence of the
change. If that consequence (e.g., effects on foraging benefits or fitness) is a nonlinear function
of the ecological variable of interest (e.g., patchiness, alignment, spatial autocorrelation, etc.),
ridiculously small or large differences in this variable compared to the true range of possibilities,
may perhaps have in the end very large, or on the contrary very low, evolutionary consequence.
This was the reason behind directly measuring the changes in foraging efficiency of foragers
following the changes in resource spatio-temporal distribution (Q2). However, foraging
efficiency is only an indirect proxy for individual fitness: not only because it does not measure
costs (see above), but also because the functional form linking foraging efficiency to fitness
is unknown. While this approximation is common in most, if not all, empirical or theoretical
studies on cognitive foraging, it drastically limits the predictive power of this work specifically:
while results put forward that an eco-evolutionary feedback loop between cognition and
resources may exist, there is no certainty that it does so in nature, and that this in itself has any
consequences for the evolutionary trajectories of both foragers and plants. This is also why
this model does not intend to portray a fully realistic situation. However, by demonstrating that
an eco-evolutionary feedback loop between animal cognition and resource distribution can
be relevant under a minimal set of assumptions, it now justifies the undertaking of empirical
studies to test it in vivo. 23

508



https://doi.org/10.1101/2023.08.01.551244
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.01.551244; this version posted March 8, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

500 Acknowledgements

si0 - Simulations were run on the HPC cluster of the Edmund Mach Foundation. | thank Louise Riotte-
s Lambert and Kavel Ozturk for discussion on the model rationale and feedback on the manuscript, Eva
si2 - Gril for discussion on botanical assumptions, as well as Alexandra Loveridge for English editing. | thank
s13 Fabien Laroche (PCl recommender), Julia Astegiano, Christophe Baltzinger and another anonymous
514 reviewer for feedback on a previous version of the manuscript.

515 Funding

s:6 - No specific funding was obtained for this research.

sz Declaration of conflict of interest

si8 | declare having no conflict of interest.

s AL Data and code availability

520 |he code used to generate the data and perform the analyses is available at https:/github.com/ben
521 jaminrobira/ModelZoochoryCognition. To fully reproduce the analyses, a singularity image (through
s2  which the model can be run and which was used to run the simulations on the HPC cluster) can be

53 provided on request, as it is too large to store on git.

R

24


https://github.com/benjaminrobira/ModelZoochoryCognition
https://github.com/benjaminrobira/ModelZoochoryCognition
https://github.com/benjaminrobira/ModelZoochoryCognition
https://doi.org/10.1101/2023.08.01.551244
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.01.551244; this version posted March 8, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

524 Appendix

525 IX.1® Using patchiness and alignment to characterise spatial point patterns

s | provide below evidence that the two metrics, namely patchiness and alignment, allows for distinguish-
s ing between homogeneous, heterogeneous and route point patterns. In both the low (100 plants) and
528 high (1000 plants) density, | considered 1/10 of the number of plants as the number of clusters for
s20  the heterogeneous distribution (i.e., 10 clusters at low density, 100 at high density). Around these
s  clusters of strictly equivalent size, plants were distributed according to a Gaussian distribution (both
s for the x and y axis) of variance 50 su. The distribution resembling a route network was obtained by
52 modelling one (low density) to ten (high density) correlated random walks of 100 steps (“simm.crw”
s33 function of the adehabitatlT package, Calenge et al. (2023), with a scaling parameter, to determine
s step length, of 20 su, and a concentration parameter, relative to the correlation in heading, of 0.9). |
s35  Calculated the two metrics on 200 distributions.

53~ Homogeneous distributions are identified by a low patchiness and a low alignment. Heterogeneous
s37  distributions are identified by an intermediate patchiness and a low alignment. Finally route point
ss  distributions are evidenced by a high patchiness and a high alignment (Figure A2). This pattern is
53 robust to density variations, although absolute differences in the indices shrink with density increase
sa0  (Figure A2). The benchmark values at high plant density (1000 plants) are are depicted in Figure 3 of
sa0 the main text.

542 IX.2@ Using Moran’s Index to characterise plant synchrony

s3 Below | provide evidence that Moran’s Index, adapted for circular variables (see main text), can cor-
sae  rectly identify environments with high or low local synchrony in fruiting dates. To do this, | simulated
ses  square environments of length 1000 su and containing 1000 plants either homogeneously or hetero-
se6  geneously distributed (as above, Figure A3). | assigned each plant a start of fruiting date (in radians)
se7 tO Mimic an environment with no, intermediate or local synchrony (Figure A3). To do this, | first ini-
s tiated the fruiting dates for 50 plants by randomly sampling in a wrapped Gaussian distribution with
se0 @ concentration parameter equal to 0.5 and centred on O ("rwrappednormal” function of the circular
sso  package Agostinelli & Lund, 2023). Then, for the 950 remaining plants, | sampled their fruiting dates
ss1 in a wrapped Gaussian distribution with a concentration parameter equal to O (low local synchrony),
ss2 0.5 (medium local synchrony), or 1 (high local synchrony), centred on the fruiting date of the nearest
ss3 plant (with a fruiting date already associated). Then, to smooth the pattern in space, | corrected the
sse  fruiting dates of all plants by taking the weighted (by the inverse of the Euclidean distance; the value
sss  Of the weight for the focal plant was set to 1) circular mean ("weighted.mean.circular" function of the
ss6  circular package Agostinelli & Lund, 2023), considering only the 50 closest plants (including the focal
ss7 - plant itself). | simulated 200 environments for each spatial (homogeneous or heterogeneous) and
sss  temporal (i.e., synchrony level) pattern. Overall, Moran’s Index increased coherently with simulated
ss0 - synchrony, regardless of spatial distribution (Figure A3). The spatial distribution affected the result-
se0  ing Moran’s Index, with a spatial autocorrelation 1.38 times superior for a simulated same synchrony
se0 - when the environment was heterogeneous compared to homogeneous. The benchmark values are
se2  depicted in Figure 3 of the main text.

25


https://doi.org/10.1101/2023.08.01.551244
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.01.551244; this version posted March 8, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Low High

. e *oce, * .S‘... s :".3
 § . * o® ° ° > .o?' ...:0
g s 0o © ® L4 o ® e oo o G 3&'. .9:‘
8 ) S o d oo, ¢ St ‘q‘.

c o. ° ° % of ..'%
o ° i 2
g ¢ ° ’0. ° o0 o 3.'.?
g o® . ° ¢ * ,...%..
I . o...' . . .. ... .: ° ’.*.r.. ;'
° * * * f‘ .....o
.‘:.‘.0: . o0 ""'O:

o © :

Heterogeneous
2
>
..
3
LY o
4 L3
9 [ ]

PR N Nty

: ¢ of‘
et 008

. ¥
= ¢ N s
ch ....o" L o
Gl osen 1 Ve
Tl Y
g e o ®
g . kT L'
.0~.~ ° Lol d J. QO.

Figure A1 - Simulated spatial distributions to investigate metrics value | Distribution: Homo. = homogeneous,
Hetero. = Heterogeneous, Route = Route network-like. plant population size: Low = 100 plants, High = 1000
plants, within a square map of side length 1000 su.
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Figure A2 - Patchiness and alignment allow for identifying spatial distributions at low (100 plants) or high
(1000 plants) plant population size | Results are based from simulated data following a homogeneous (Homo.),
heterogeneous (Hetero.) or route network-like (Route) distribution. The mean value is depicted by the black
dot and the text. The shape of the distribution is depicted by the contour of the violins.
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Figure A3 - Examples of simulated environments varying in their spatial and temporal distribution | The dots

represent the plants. They are coloured along a white-to-black gradient according to the value of their fruiting

date. The more synchronous two plants are, the more their colours match.
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Figure A4 - Moran'’s Index adapted for circular variables correctly identifies local synchrony among plants |
Results are based from simulated data following a homogeneous (Homo.) or heterogeneous (Hetero.) spa-
tial distribution. The synchrony intensity is related to the concentration parameter used when sampling in a
wrapped Gaussian distribution (low = O, intermediate = 0.5, high = 1). The mean value of Moran’s Index is
depicted by the black dot and the text. The shape of the distribution is depicted by the contour of the violins.
Note the non-linearity on the y axis. This is used to highlight the differences between low and intermediate
synchrony.
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563 IX.3® Variations in resource range shrinkage intensity

sea  Shrinkage was affected by the forager’s cognition, peaking at low cognition (Figure A5a). Shrinkage
s6s  Was also driven by the forager limiting visits to plant encountered en route, with a maximum reached
se6  when the forager discarded all of these plants and moved directly to the target (Figure ASb). Finally,
se7  shrinkage was removed when the competition for space between plants was high (Figure A5c).
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Figure A5 - Shrinkage of resource range is driven by cognition, the forager's movement rules and competition
for space between plants.

568 IX.49 Variations in routine behaviour when no dispersal occurs

se0  In the absence of seed dispersal (scenarios in Q2 were used), routine behaviour still increased (and
s Saturated) with more advanced cognition, whatever the environment (i.e., the engineering level, Figure
st Ab).

572 IX.5¢ Variations in fruiting dates

s3 - Considering the fruiting dates as circular variables (i.e., vectors with a length of one unit and a given
sa - direction), the distribution of fruiting dates can be summarised by a mean vector, the direction of
s7s which characterises the mean fruiting date and the length of which characterises the variance around
s this mean (with a length of 1 characterising low variance, Batschelet, 1981). | thus quantified the
sr7 - variation in fruiting dates as one minus the length of the mean vector of fruiting dates (Batschelet,
sis 1981) in either the initial or final conditions. It varies from O (no variation; all fruiting dates are the
s9 - same) to 1 (extensive variation; fruiting dates are uniformly distributed). At the beginning or end of the
ss0  Ssimulations, the variation in fruiting dates was considerable, regardless of the scenario tested (Figure
581 A7).
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Figure A6 - Routine emerges when cognition is high, independent of environment engineering | The ‘initial
condition’ of resource distribution was taken from the simulations in which a naive, intermediate or omniscient
forager was first let foraging. Then, those three forager types were let foraging (separately) without dispersal
and routine behaviour was quantified (the tendency of the forager to target plants in a predictible way; values
close to O indicate no predictible movements, values close to 1 indicate highly predictible movements).
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Figure A7 - Variation in fruiting dates at the beginning of the simulation (‘initial’ condition) or at the end (‘final’
condition) | The plots show the results of 200 simulations when a seed-dispersing forager with varying level
of cognition (i.e., proportion of plant locations and associated phenology known), moving choice rules or space
competition intensities between plants (the two latter being simulated with an omniscient forager; left to right)
was let foraging for a long time. The index of variation in fruiting dates (one minus the length of the mean
vector of fruiting dates, Batschelet, 1981) ranges from O (no variation) to 1 (extensive variation).
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582 IX.6® Sensitivity to the agent’s speed

s3 1 he emergence of spatial autocorrelation in fruiting dates depends on how far the seed is from the
s parent plant. Therefore, it may depend not only on the routine of the agent, but also on the speed
ses  at which it moves, and thus on the area that an agent can explore during the dispersal window. To
ss6  iNvestigate the robustness of the observation to the agent’s speed of movement (and thus allow
se7 - analogies with other biological systems, since it is this speed that establishes the link between the
ses arbitrary’ spatial and temporal units), | ran additional simulations considering an omniscient forager
ss0  moving at either half (‘low speed’) or twice (‘high speed’) the speed used for the standard simulations
s0 iN the main text (‘intermediate speed)).

so0  In comparison to other forager’s traits and in the range tested, movement speed was not the main
so2  driver of the resource spatiotemporal distribution (Figure ASA).

503 IX.7® Sensitivity to the learning pathways following old plant mortality

s4 In the model, when the deposited seed was able to grow, it caused the death of another random adult
s05  plant. Since memory size is an important feature that determines the benefits of memory in foraging
s (Figure 4), the new seed location and phenology was immediately known to the agent when a known
so7 - plant died. To investigate whether this had undesirable consequences for the model’s results, | simu-
sos lated the behaviour of an agent endowed with cognitive but not perfect knowledge (spatiotemporal
s knowledge rate of 0.25, 0.5, 0.75) learning the location and phenology of the most recently seen
s0 fruiting plant when another adult plant died (‘Recent fruiting plant learned’) and compared the simu-
1 lation results (patchiness, alignment, spatial autocorrelation and routine) with those presented in the
62 mMain text when the seedling location was learned ('Seedling learned’).

603  The inability of the agent to directly learn the seedling location and phenology when an old plant
so4 died, and only the location and phenology of the most recently visited fruiting plant, limited the level
es Of engineering (lower patchiness, alignment and spatial autocorrelation in fruiting dates, Figure A8B).
606 However, both learning pathways ranged similarly compared to the benchmarks, so the overall pattern
eor Of engineering remained largely the same (Figure A8B).
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Figure A8 - Seed-dispersing foragers can shape resource distribution | The notched box plots show the results
of 200 simulations when a seed-dispersing forager with varying speed or learning abilities was let foraging for
a long time. The resulting distribution pattern was assessed by its patchiness (the tendency of plants to be
aggregated into patches; larger values indicate highly aggregated plans), its alignment (the tendency of plants
to form linear geometries; larger values indicate the presence of linear geometries) and spatial {autocorrelation}
in fruiting date (the tendency of plants to have fruiting dates closer/farther in time to their spatial neighbours;
values close to -1 indicate negative spatial autocorrelation, values close to O indicate no spatial autocorrelation,
values close to 1 indicate positive spatial autocorrelation). Indices’ benchmarks obtained from simulated envi-
ronments are represented by the horizontal lines (Homo. = Homogeneous, Hetero. = Heterogeneous, Synchro.
= Synchrony) (see Appendix). Because of overlap, o allgnment and intermediate synchrony in a homoge-
neous (and not heterogeneous) environment was plo d The emerging movement behaviour of the forager
was described in terms of routine behaviour (the tendency of the forager to target plans in a predictible way;
values close to O indicate no predictible movements, values close to 1 indicate highly predictible movements).
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