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Traditional land use is integral
to ecological function in SW
Madagascar

Dylan S. Davis*?*“, George Manahira3, Bram Tucker* & Kristina Douglass*?

Historic land-use practices are important for understanding present-day patterns of ecological
productivity and resilience. A longstanding challenge, however, has been how to discern different
land-use activities across landscapes from archaeological and historic data. Here, we show how
multispectral satellite imagery and machine learning can identify different subsistence strategies of
past human land-use. Looking at coastal, southwest Madagascar, a location often cited as an example
of how human land-use has degraded the island’s ecosystems, we show that centuries of traditional
land-use practices are positively correlated with ecosystem function. Therefore, future actions to
address contemporary ecological degradation on Madagascar, and elsewhere, should consider
historic land-use practices and their long-term effects on ecosystem function. Such relationships are
fundamental for protecting environmental systems.

Ecology students, as noted in the introduction to Braiding Sweetgrass', commonly believe that all human impacts
on ecosystems are negative. Despite this common belief, research reveals that humans have complex, negative
and positive influences, affecting future land-use resilience and sustainability. For example, while there is little
doubt that modern industrialization has had negative impacts on ecological systems, blame is often also placed
on local communities practicing traditional livelihood strategiesz‘4. Pastoralist communities, in particular, have
been blamed for deforestation® despite recent research repeatedly demonstrating that grazing is critical in
sustaining ecological systems®~1°. Yet, negative connotations persist in policy decisions around the world!*'2,

A common thread among most narratives of ecological degradation is the practice of specific economic
systems for exploiting resources. Assessing the role of different land-use practices in the past on environmental
change is challenging, however, as there is rarely clear evidence separating subsistence economies in the
archaeological record!*-!>. However, advances in quantifying differences in landscape-scale land-use patterns
using spatial modeling and remotely sensed datasets are starting to alleviate these issues by isolating different
behavioral patterns and geochemical signatures between land-use strategies'®!”.

On Madagascar, issues of sustainability have been at the forefront of research, development, and policymaking
for decades®®. As a global “biodiversity hotspot” with at least two millennia of human occupation, landscape
modification, and climate change'®-?!, Madagascar provides an important case study for evaluating human-
environment dynamics across different scales of human societies. While the timing ofhuman arrival is debated?223,
current archaeological data suggests that the earliest human inhabitants were likely foraging societies, and by
ca. 1500 B.P. the introduction of cattle and other domesticates became widespread?»*. Chronological evidence
supports the notion that these earlier human occupations had lower population and settlement densities and
many relied heavily on fishing, hunting, and gathering®. This observation has led many researchers to assert that
the introduction of domesticated species and the spread of agropastoralism were major drivers of deforestation
and grassland expansion on Madagascar®®2°.

There is global archaeological evidence that demonstrates the importance of pastland-use practices in fostering
biodiversity and ecological productivity in the present®*°-32. As such, history suggests that human subsistence
activity may be integral to sustainable ecosystem functioning. The ability to understand the connection between
historic land-use and ecological change is invaluable for local communities, state governments, and international
organizations, as the consequences of removing integral species from an ecosystem can be catastrophic®*-3°. If
people are an integral part of Madagascar’s ecosystem, conservation policy strategies must be attuned to the role
of people and their socioeconomic practices in facilitating sustainability and resilience.
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Today, pastoralism is understood as a key component of many ecosystems, contributing to sustainability and
resilience®"!%. Nonetheless, notions of “destructive” pastoralism and “pristine” hunter-gatherer societies persist
in the present and these conceptions can skew policy development and lead to unfair penalties on traditional
land-use practices with disastrous effects (see!’,'2).

Humans and the broader ecological system engage in feedback cycles where actions have cascading effects
that can have time-delays®*~%%, sometimes on the order of centuries®”***, Time lags inherent in many human-
environment interactions mean that to fully grasp the impacts of a given activity requires a firm understanding
of historic events and memories of social practices and their consequences on the environment (Fig. 1). For
example, researchers have found that millennia of swidden (slash-and-burn) forestry practices in the Amazon
have led to greater soil fertility (*!, also see??). Numerous studies from around the world have uncovered historical
land-use legacies and their effects on contemporary ecological conditions and the conservation efforts*3~*3.

One significant global question that Madagascar can help to address is how legacies of early human activity
have contributed to contemporary ecological contexts. Remote sensing data can provide an important way to
explore cumulative environmental change, as modern landscapes represent a palimpsest—a layered history
of human and natural events that have shaped an environment’s present state’. In fact, prior remote sensing
research from SW Madagascar concluded that vegetation surrounding archaeological sites are more stable than
plants growing further away from archaeological sites*’.

In this study, we build from this prior research to ask, do traditional land-use practices of Malagasy communities
have lasting, cumulative impacts on ecological health and productivity? To address this question, we look at
remotely sensed measures of net primary production (NPP), a common measure of energy availability in an
ecosystem that can be transferred through a food web. We hypothesize that if traditional human activities led to
lower ecological productivity, we will see overlap between areas with land-use legacies related to archaeological
activities and zones of low NPP compared with areas lacking these archaeological land-use histories.

In southwest Madagascar, we have collected information related to past human settlement patterns and
land-use, but there are imbalances in data acquisition across land-use types. For example, we have only a few
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Fig. 1. A conceptual diagram of legacy land-use impacts. Changing environmental and climate conditions
result in human responses that create a socio-ecological feedback cycles that connect the past and present.
Human activities (e.g., land use and mobility strategies, resource stewardship practices, among others) impact
both the future environmental system (via biophysical changes and land-use legacies) and the future social
system (via transferred social memory of successful and unsuccessful adaptive strategies). When social
memory and traditional ecological knowledge are retained, feedback dynamics between past and present
conditions are retained, leading to increased socioecological resilience. If social memory is lost, these positive
feedback loops become severed, resulting in increased socioecological vulnerability, as knowledge from past
generations is lost.
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dozen areas where we know that pastoralism was the predominant economic practice, but over 150 areas where
fishing and foraging were predominant. In this study, we employ machine learning and remote sensing datasets
alongside archaeological data to identify geophysical signatures on today’s landscape that are associated with
past human land-use activities (pastoralism, foraging, fishing, etc.) across SW Madagascar. Altogether, this study
presents an updated evaluation of human-ecological impacts over the past several centuries in SW Madagascar
(Fig. 2), where indigenous communities practice a range of economic activities and occupy an array of ecological
systems®®1%. Our study demonstrates that future actions to address ecological degradation on Madagascar, and
elsewhere, must consider historic and archaeological land-use and its impact on modern ecosystem function.

Results

Machine learning helps identify patterns of historic land use

Prior remote sensing analyses on Madagascar demonstrate that archaeological sites display more stable
geophysical signatures over time when compared with areas lacking archaeological materials, indicating greater
ecological stability!”. This effect is distributed relatively evenly across different economic practices at these sites,
including foraging/fishing, agropastoralism, and mixed economies.

Our machine learning analysis compared three algorithms, Maximum Entropy (MaxEnt), support vector
machine (SVM) and random forest (Table 1). The greatest overall accuracy was achieved by MaxEnt and it
displayed the least overfitting and highest overall classification agreement. The Random Forest algorithm
produced slightly better recall, but was less precise when evaluating new information. As such, we view MaxEnt
as the best performing model. A total of 29 archaeological sites from our study area were withheld from the
training and validation data, as they have evidence of a mix of subsistence strategies, encompassing foraging and
pastoralism. All of the 29 sites were identified as archaeological by the MaxEnt model, and 13 were located in
areas that contained (or were within 50 m of) both pastoralist and foraging signatures.

Further verification of MaxEnt predictions comes from survey data collected in 2017 by the Morombe
Archaeological Project team which were not used to train the model. A total of 8 coastal sites contained evidence
of zebu (Bos indicus) in the faunal assemblages, with three of these sites containing evidence of mixed subsistence
(zebu and marine shell materials). When examining the placement of these sites alongside our machine learning
classification, all except for one were within 80 m of an identified location with pastoralist and foraging/fishing
signatures (Fig. 2).

Performance of automated methods (e.g., accuracy), when paired with other datasets and analytical
methods, do not need to be exceptionally high to be useful®*>!. By comparing our automated results with
prior archaeological and ethnographic sources and manual verification, our machine learning dataset is able to
provide generalized information about land-use and where different subsistence economies were predominant
over time (Fig. 2). We manually cleaned the MaxEnt classification to generate information designating regions
where different subsistence economies were most prevalent. During this process, we removed any errors
identified in the classification when it conflicts with other confirmed archaeological or historical data. In regions
where signatures showed a mixture of pastoralist and foraging/fishing signatures, we labeled these areas as
mixed subsistence strategies (Fig. 2). The output is not meant to serve as a prospection tool, but rather an aid in
understanding broad, regional level land-use practices in the region over the past millennium.

Historic land use practices correlate with modern ecosystem function

When examining the results of our machine learning classification and archaeological datasets against modern
landscape trends, general linear models (GLMs) indicate that archaeological land-use practices have a strong
positive association with Net Primary Production (NPP) (Table 2; also see Fig. 3). Bootstrapping simulations
reaffirm these relationships (see Supplemental File). While there are differences between land-use types, all land-
use strategies exhibit strong, positive correlations with NPP while non-anthropogenic locations have a weaker
relationship (Table 2). This provides evidence that places with histories of human land-use are well integrated
into the natural environment in this region and do not result in ecological degradation or decreased ability to

rebound from climate disruptions compared with non-anthropogenic areas (e.g.,31,32, also see®?).

Discussion

Traditional land management practices are often important components of ecological systems, with global
examples indicating how humans are crucial players in ecosystem function and conservation®*>2. Nonetheless,
distinguishing between different kinds of land-management practices societies engaged with is challenging®.
Subsistence economies are often muddled without clear separation and classifying particular groups or practices
into categories is often difficult and contentious'>-!>. Our study demonstrates the capacity for remote sensing
and machine learning to identify and distinguish between different intensities of land-use and their resulting
patterns. This will permit archaeologists, landscape ecologists, and others the ability to greatly expand their
understanding of socioeconomics, land-use practices, and landscape change, which is lacking in many regions
around the world, especially for early periods of human history>2.

Our analysis of NPP shows that human land-use practices in SW Madagascar exhibit strong positive
associations with ecological productivity, while regions without evidence of human land-use express a weaker
correlation. This finding suggests that traditional subsistence economies are well integrated into this region’s
ecosystem and are important contributors to ecosystem functioning. This follows other recent studies that
have shown vegetation health to be greater with higher levels of stability over time at archaeological sites than
surrounding regions!”*4,

Our analysis also exemplifies that human activities are not spatially constrained to areas of intense occupation,
but affect much larger biogeographic regions beyond individual settlements®>>~>°. This study shows how
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Fig. 2. Map of the study area, recorded archaeological sites, and results of Maximum Entropy classification.
Areas identified as “low prevalence” of pastoralism can be interpreted as zones where fishing and foraging were
more dominant. Mixed subsistence classifications were manually evaluated after machine learning training.
Inset maps A, B, and C show ground verification of mixed subsistence and pastoralist archaeological sites and
their corresponding classification. Service Layer Credits: Esri, TomTom, Garmin, FAO, NOAA, USGS, CGIAR,
OpenStreetMap contributors, Foursquare, METI/NASA. Figure created by the author (DSD) using ArcGIS Pro
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(V. 3.4, https://pro.arcgis.com/).

signatures found at archaeological sites display similarities with adjacent regions that spread, geographically,
throughout large swaths of the study area. While archaeological sites provide important insight to the kinds of
bioecological, geochemical, and geophysical signatures associated with human activities, these signatures often
persist well beyond individual sites and can illuminate broader patterns of socio-environmental interaction.
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Algorithm Overall accuracy | Precision | Recall | F1 K-coeflicient
MaxEnt 0.7714 0.636 0.628 | 0.632 | 0.6456

SVM Radial Basis Kernel | 0.6944 0.495 0.575 |0.532 | 0.533
Random Forest 0.6842 0.614 0.670 | 0.641 | 0.5284

Table 1. Results of Machine learning analyses. MaxEnt performs best and displays the least evidence of
overfitting.

Coefficient Estimate | Standard error | z-Value | p-value
(Intercept) 6.479689 | 0.001822 3555.68 | <2e-16
Moderate Prevalence of Pastoralism (Mixed Economy) | 0.970355 | 0.002277 426.17 | <2e-16
Non Anthropogenic 0.269349 | 0.003595 7491 | <2e-16
High Prevalence of Pastoralism 0.911469 | 0.002423 376.23 | <2e-16

Table 2. Results of GLM assessing NPP as a function of archaeological economic activities. This includes
confirmed archaeological and non-archaeological data as well as machine learning generated datapoints.

Economic diversity may have buffered communities against socio-environmental instability
in SW Madagascar

For hundreds of years, Malagasy communities practiced a diverse, but interconnected series of economic strategies
that made use of different resources and components of the landscape*®. We know from prior investigations of
social networks that there were close connections between different communities, but these connections were
disrupted and reorganized during periods of socioecological instability>®. Our analysis can also shed light on the
role socioeconomic strategies play in the emergence of social networks.

Examining our machine learning classification maps against archaeological site networks (identified
by Ref*®), we can see that the earliest social networks consist of communities practicing the same economic
strategies (low prevalence of pastoralism), while networks during the preceding periods consist of communities
practicing different or mixed strategies (Fig. 4).

The climatic and environmental conditions from 1150 to 450 BP were fairly consistent and predictable, but
from 450 to 50 BP sociopolitical instability became dominant and climate conditions became more erratic,
shifting between dry and wet conditions. Hypervariability would have affected people’s ability to acquire different
resources and could have influenced changes to social networks®. As such, these conditions could help explain
why social networks began to integrate different communities that practiced different resource acquisition and
exploitation strategies.

Our analysis demonstrates that humans constructed a highly diverse cultural niche with fuzzy boundaries
between economic systems. This may have served to buffer against social and environmental instability by
fostering high levels of interaction between inland agropastoralists and coastal fishing/foraging communities.
Oral history records indicate that individuals living within single villages often practiced a mix of different
subsistence strategies, in a variety of locations, so as to exploit regional environmental heterogeneity while
reducing crowding on limited resources*”*®>8. Stories describe “pasture territories” (Toets-aombe, literally, “cattle
places)”) in the dense deciduous forest, where cattle browsed tree leaves, and strategies of temporary nomadic
foraging when wild foods were exhausted close to home. Those who primarily farmed, and those who primarily
fished, exchanged goods at designated places. These were elements of diversified household portfolios rather
than economic specializations. By flexibly distributing household labor across landscapes and subsistence modes
according to fluctuating conditions, households may have facilitated sustainable resource use over centuries.
The expansion of the capitalist market economy after European colonization to the present limited mobility, and
resulted in limited fallow time for resources, and unsustainable resource use®. Studies have shown that the most
extensive deforestation in Madagascar (including within the SW) occurred over the past 40 years, in reaction
to market incentives®®-%2. Our analysis here suggests that traditional ecological practices are integral to both
ecological and social resilience.

Limitations of the study

Several potential limitations of this research should be acknowledged. First, machine learning models were
trained to predict subsistence priority using our knowledge of site locations, but this knowledge is limited due
to the absence of a complete archaeological survey and the incomplete nature of the archaeological record due
to preservation biases and taphonomic processes. Foraging for wild tubers, the staple for terrestrial foragers,
leaves scant archaeological traces, so that these sites are probably underrepresented in our database. Our analysis
does not consider agriculture, due to a lack of evidence at archaeological sites, despite frequent descriptions of
cultivation in oral histories. Second, there are some complicated questions of causality. We argue that subsistence
activities cause higher NPP, citing mechanisms such as the accumulation of manure and its use as fertilizer.
Simultaneously, people are more likely to locate their sites where NPP is high. High NPP may be both a cause
and an effect of subsistence activities, consistent with niche construction theory. More temporal information will
be needed to trace changes in NPP through time to establish ultimate causation. Finally, although we classify
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Fig. 3. Visual representation of NPP measurements relative to the locations of archaeological sites and
surveyed areas with no evidence of archaeological activities. Figure created by the author (DSD) using ArcGIS
Pro (v. 3.4, https://pro.arcgis.com/).

sites as having more or less evidence of pastoralism, the people who lived at these sites probably had a mixed
economy spread across the landscape, as described above.

Conclusions and lessons for the future

We find that contemporary ecological productivity is higher within archaeological sites practicing traditional
subsistence economic strategies in southwest Madagascar. This follows other recent studies that demonstrate
the prolonged impacts of human presence on landscapes (e.g.,*!). As such, it appears that current threats of
biodiversity loss and deforestation within the study region cannot be explained by centennial and millennial
legacies of cumulative human impact. Rather, many ecological issues (e.g., deforestation) facing Madagascar
and other parts of the world today are the result of climate change (e.g., rising temperatures and lowered
precipitation), modern economic practices driven by capitalist markets®"*2, and the absence of infrastructure
and the disappearance of traditional ecological practices. Conservation policies that ignore traditional ecological
knowledge are likely to perpetuate these issues®3~°.
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Fig. 4. Diagram of paleoclimate conditions recorded from speleothems at Asafora cave (red dot) by Faina

et al.”” and corresponding archaeological site networks. Each site is labeled by its primary subsistence
strategy, identified by archaeological evidence and the MaxEnt prediction of the degree of pastoralist activity.
*Archaeological evidence of mixed subsistence refers to presence of zebu bones and evidence of fishing/
foraging (e.g., marine shells). **N/A indicates that the sites fell outside the bounds of the study area where the
MaxEnt model was applied.

On Madagascar, as in other places around the world, mobility and intercommunity trade were key strategies
for past human resilience and sustainability. While the modern world makes this kind of transhumance difficult
(or incompatible) with land-tenure systems and property boundaries, including the boundaries of national parks
and protected reserves, a compromise should be sought that permits for freer movement of communities over
time and space in order to allow resources to regenerate and human pressures to ease within areas currently
experiencing ecological problems. For example, Madagascar National Parks restrict subsistence activities to
managed occupation zones. Our evidence suggests that some of the human activities park policies wish to limit
or constrain are the same ones that created the diverse, highly productive environments that we now seek to
protect. Mobility is also currently hampered by poor security measures and infrastructure throughout much of
the southwest. Prioritizing improvements to the region’s infrastructure may aid in efforts to increase ecological
productivity and sustainability. When security measures are poor, less land can safely be accessed for use, putting
pressure on a smaller portion of land with negative consequences.

For instance, current conservation policy in Madagascar, including the “managed occupation zones”
(zones doccupation controlée) established by Madagascar National Parks (MNP), tends to limit subsistence
activities such as pastoralism, forest product harvesting, and small-scale agriculture within park boundaries.
These restrictions are often based on generalized degradation narratives rather than context-specific ecological
evidence®®®’. However, our findings suggest that traditional subsistence activities—including mobile cattle
herding and seasonal foraging—are positively associated with ecological productivity, and may play a role
in sustaining ecosystem function. Conservation planning that incorporates these histories could reframe
controlled mobility and rotational land use not as threats, but as tools for maintaining resilience in highly
variable environments.

Similar frameworks are emerging globally. In Tanzania, for example, pastoralist land use has been re-evaluated
as ecologically sustainable under revised community-based conservation programs!?. The (International
Union for Conservation of Nature’s (IUCN) Protected Area Guidelines®® also now emphasize the integration
of Indigenous and local knowledge systems into conservation management, aligning with our call for greater
flexibility and historical grounding in protected area design.

These realizations have global implications for conservation. Efforts that seek to preserve biodiversity need
to have a firm understanding of the history of human land-use in the areas they seek to protect. Our study joins
a growing literature that illustrates the importance of past land-use in current ecosystem function (*,*2, e.g.,%)
and provides a new approach to achieving the integration of archaeological and ecological data. Rather than treat
all of humanity as a monolith, nuance is needed to develop sustainable futures.
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Methods

Machine learning for identifying archaeological land-use

Here, we use PlanetScope imagery, which is freely available for education and research purposes by Planet
Inc. and contains 3 m spatial resolution, 4 spectral bands (blue, green, red, and near infrared), and a temporal
resolution of 1 day. Madagascar has two distinct seasons: a dry season (from May-October), and a wet season
(from November-April). Prior research (Davis et al.'’; Davis and Douglass’®) demonstrates that pastoralist
and foraging sites are most distinguishable during the wet season, so we compiled 56 4-band multispectral
PlanetScope satellite images from the wet season between 2018 and 2021 (Supplemental Table S1). We calculate
the median value across all of these images (following Orengo et al.’%; Davis et al.'”) to evaluate average
geophysical signatures over time. We conducted this analysis using the raster®, sf’®’!, and ggplot2’* packages in
R7.

Previous research has also demonstrated that the use of short-wave infrared (SWIR) data can improve
archaeological detection tasks due to its increased sensitivity to moisture and mineralogical changes’”>. We used
Google Earth Engine, following Orengo et al.”® (see supplemental code) to compile a 6-year composite average of
Sentinel-2 SWIR imagery between 2017 and 2022 to enhance our spectral resolution. SWIR data was imported
into R and pansharpened from 20 to 3 m using PlanetScope imagery and a principal components procedure
(following”®). The two datasets are co-registered and spectrally compatible, allowing for pan sharpening to take
place in R using the raster package®.

Next, we created a single raster stack of PlanetScope and pansharpened Sentinel-2 SWIR and ran a series of
machine learning algorithms to classify archaeological sites based on their primary subsistence strategies. Because
of the high degree of overlap between land-use practices in this region, we classify settlements based on their
prevalence of pastoral activities, with lower prevalence often corresponding with foraging and fishing villages,
moderate prevalence corresponding with mixed subsistence strategies, and high prevalence corresponding with
agropastoral communities. We evaluated primary subsistence at archaeological sites using material assemblages
recovered at each location during surveys and excavations. Sites with a low prevalence of pastoralism are defined
by an abundance of marine shells and archaeobotanical remains with a total lack of evidence of domesticated
animals (e.g., Zebu). Sites with high prevalence of pastoralism are defined by the presence of domesticated
animal bones (e.g., Zebu) and the presence of structures like cattle pens. Sites with moderate prevalence of
pastoralism (or mixed subsistence) were defined as those containing evidence of both domesticated fauna and
marine resource exploitation.

Three different machine learning algorithms were tested: Maximum Entropy, Random Forest, and Support
Vector Machine with a Radial Basis Kernel. Maximum entropy (MaxEnt) is a method for making predictions from
incomplete datasets’”” and operates under the concept of entropy, a measure of choice involved in the selection
of an event’3”°. Under maximum entropy, it is assumed that decisions have a uniform distribution of choices
based on a set of known measurements (or training data). As such, MaxEnt models only make assumptions
about known data, and do not require absence information to make predictions’”#. The constraints imposed on
entropy by training datasets lead the model to come to the most conservative estimate of presence data, which
also helps to avoid overfitting®.

Random Forest (RF) models classify data using decision trees and bootstrapping and also perform well with
smaller amounts of training information®!. RF is a non-parametric supervised classification and regression
method and operates as a collection of decision trees which all act independently to parse through and classify
information. This helps to reduce overfitting as each tree “votes” with their classification choice and the most
popular outcome is selected.

Support Vector Machine (SVM) is a non-parametric classification technique that identifies optimal class
separations and can achieve high accuracy with small training datasets®?. One of the strengths of SVM is that
it has strong regularization properties, or an ability to generalize to new data, thereby avoiding the pitfalls of
overfitting®®>. When datasets are non-linear, SVMs require the addition of a kernel function which transforms
data by projecting information in additional dimensions (e.g., ID-2D), allowing for data that is not separable
linearly to become separable®®. Here, we use a radial basis kernel function, which is one of the more popular
kernels that computes the similarity of data points, where the more similar two points are, the closer they are in
distance, and the more dissimilar, the greater the distance®*.

We trained each of these models using a dataset consisting of 245 ground-tested points (non-
anthropogenic=121; low pastoralism=113; high pastoralism=16). Non-anthropogenic sites represent those
locations that have no evidence of archaeological or human activities, while the other classifications (low and
high pastoralism) represent different kinds of archaeological sites. Training data was divided using a 80/20
split for training and validation, respectively and we tuned each model automatically using the “tune_length”
parameter in the caret package in R (see supplemental file). Tuning is used to alleviate overfitting issues. We set
the tune_length to 1 for all models. These analyses were conducted in R v. 4237 using the RSToolbox, caret,
MIAMaxEnt, and randomPorest packages®*~#. MaxEnt and RF algorithms, in particular, were chosen because
they tend to work well with incomplete datasets and smaller sample sizes.

A total of 29 additional archaeological sites were withheld from the training and validation data, as they
have evidence of a mix of subsistence strategies (moderate prevalence of pastoralism), encompassing foraging
and pastoralism. To explore how our best performing model handles mixed classifications, we evaluated the
classification results against these 29 sites. These sites were not added as another class because of spectral overlap
with existing classes and the small number of data-points available.

Assessing cumulative ecological impact of archaeological activities
To assess the role of past human economic activities on modern day ecosystem function, we use the Water
Productivity through Open Access of Remotely sensed derived data (WaPOR) dataset created by the Food
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and Agriculture Organization (FAO) of the United Nations®®. WaPOR contains information on Net Primary
Production (NPP), which reflects the amount of biomass produced by plants in an area subtracted by respiratory
costs, and is available on Google Earth Engine (GEE) (https://developers.google.com/earth-engine/dataset
s/catalog/FAO_WAPOR_2_L1_NPP_D#description). NPP data generated by WaPOR is measured in g/mz,
has a decadal temporal resolution calculated between 2009 and 2022, and a spatial resolution of 250 m. We
downloaded a portion of this dataset containing our study region and imported the file into ArcGIS 10.8.1.

Next, we generated a random sample of 1000 points throughout the study region in ArcGIS 10.8.1 using the
generate random points tool and classified them according to our best performing machine learning analysis
categories (MaxEnt). For regions where insufficient archaeological evidence exists to verify our machine
learning classification, points were removed, leaving us with 907 data points. Then, we extracted NPP values
from the WaPOR data for each point in both a ground verified dataset of archaeological and non-anthropogenic
areas (n=245) and the data points generated by machine learning to compare ecological legacies resulting from
specific archaeological economic practices with contemporary metrics of ecological productivity. NPP values
were extracted using the Extract Multivalues to Points tool. Data was then exported as a CSV into R where we
conducted further statistical analysis.

We used General Linear Models (GLMs) to evaluate possible relationships between archaeological economic
activities and contemporary ecological function because they can handle moderate levels of non-normality
and describe relationships even when they are non-linear®. We also ran a check for data skew in R using the
olsrr package®! (which uses linear models as input), and found that the residuals are slightly right skewed for
archaeological data, but normal for the simulated data (Supplemental Document). We proceeded by constructing
GLMs to assess the relationship between NPP and Archaeological Economic Practice and overall archaeological
presence/absence. We used a Likelihood Ratio Test (LRT) to assess different model types. We ran our models
using the confirmed data (n=245), the machine learning generated data (n=907), and a combination of the
two datasets and assessed results using bootstrapping with 10,000 simulations to account for possible biases
introduced by these different datasets using the boot package®>*.

Data availability

Spatial coordinates for archaeological sites are not publicly available due to ethical concerns and agreements with
local communities. These data can be made available upon reasonable request. Planet Inc data is proprietary and
cannot be shared, but all information regarding the images used is provided in our supplemental files. Interested
users with educational affiliations can request access to Planet imagery through their Education and Research
program. All other data discussed and generated within this manuscript, including code used to conduct ma-
chine learning and statistical analyses, is available via Zenodo at https://doi.org/10.5281/zenodo.15483771 and
Github at https://github.com/d-davis/Madagascar_Legacy_Niche_Construction.

Received: 10 March 2025; Accepted: 20 August 2025
Published online: 25 August 2025

References
1. Kimmerer, R. Braiding sweetgrass: Indigenous wisdom, scientific knowledge and the teachings of plants (Milkweed editions, 2013).
2. CA Kull 2000 Deforestation, erosion, and fire: Degradation myths in the environmental history of Madagascar Environ. Hist. 6 423
450
3. ] Diamond 2005 Collapse: How societies choose to fall or succeed Viking New York
4. WF Basener W] Basener 2019 Ecological collapse of Easter Island and the role of price fixing Eur. J. Math. 5 646 655
5. Coppock, D. L. The Borana plateau of southern Ethiopia: Synthesis of pastoral research, development and change. International
Livestock Centre for Africa (Addis Ababa, Nairobi, 1994).
. G Hardin 1968 The tragedy of the commons Science 162 1243 1248
7. Lamprey, H. F. Pastoralism yesterday and today: The overgrazing problem. In Ecosystems of the World: Tropical Savannas (ed.
Goodall, D. W.) 644-666 (Elsevier Scientific Publishing Co., Amsterdam, 1983).
8. DK Wright 2022 Impact of farming on African landscapes Anthr. Rev. 10 636 663
9. DJ Augustine 2003 Long-term, livestock-mediated redistribution of nitrogen and phosphorus in an East African savanna J. Appl.
Ecol. 40 137 149
10. M Bollig A Schulte 1999 Environmental change and pastoral perceptions: Degradation and indigenous knowledge in two African
pastoral communities Hum. Ecol. 27 493 514
11. C Sorensen D. Vinding 2016 Tanzania pastoralists threatened: Evictions, human rights violations and loss of livlihoods.
International Work Group for Indigenous Affairs Denmark.
12. M Bergius TA Benjaminsen F Maganga H Buhaug 2020 Green economy, degradation narratives, and land-use conflicts in Tanzania
World Dev. 129 104850
13. A Crowther ME Prendergast DQ Fuller N Boivin 2018 Subsistence mosaics, forager-farmer interactions, and the transition to food
production in eastern Africa Quat. Int. 489 101 120
14. SB Kusimba 2005 What is a hunter-gatherer? Variation in the archaeological record of Eastern and Southern Africa J. Archaeol.
Res. 13 337 366
15. JE Terrell JP Hart S Barut N Cellinese A Curet T Denham CM Kusimba K Latinis R Oka J Palka MED Pohl KO Pope PR Williams
H Haines JE Staller 2003 Domesticated landscapes: The subsistence ecology of plant and animal domestication J. Archaeol. Method
Theory 10 323 368
16. KB Vernon PM Yaworsky ] Spangler S Brewer BF Codding 2020 Decomposing habitat suitability across the forager to farmer
transition Environ. Archaeol. 27 420 433
17. DS Davis Al Domic G Manahira K Douglass 2024 Geophysics elucidate long-term socio-ecological dynamics of foraging,
pastoralism, and mixed subsistence strategies on SW Madagascar J. Anthropol. Archaeol. 75 101612
18. GS Joseph AR Rakotoarivelo CL Seymour 2022 Tipping points induced by palaeco-human impacts can explain presence of
savannah in Malagasy and global systems where forest is expected Proc. R. Soc. B Biol. Sci. 289 20212771
19. RE Dewar AF Richard 2007 Evolution in the hypervariable environment of Madagascar Proc. Natl. Acad. Sci. 104 13723 13727
20. K Douglass S Hixon HT Wright LR Godfrey BE Crowley B Manjakahery T Rasolondrainy Z Crossland C Radimilahy 2019 A
critical review of radiocarbon dates clarifies the human settlement of Madagascar Quat. Sci. Rev. 221 105878

(=)}

Scientific Reports |

(2025) 15:31160 | https://doi.org/10.1038/s41598-025-16992-5 nature portfolio


https://developers.google.com/earth-engine/datasets/catalog/FAO_WAPOR_2_L1_NPP_D#description
https://developers.google.com/earth-engine/datasets/catalog/FAO_WAPOR_2_L1_NPP_D#description
https://doi.org/10.5281/zenodo.15483771
https://github.com/d-davis/Madagascar_Legacy_Niche_Construction
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

21.

22.

23.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

AH Razafimanantsoa W] Bond L Gillson 2025 Vegetation dynamics and drivers of change in the Central Highlands of Madagascar
during the last 6300 years: Pre- and post-human settlement The Holocene 35 460 470

] Hansford PC Wright A Rasoamiaramanana VR Pérez LR Godfrey D Errickson T Thompson ST Turvey 2018 Early Holocene
human presence in Madagascar evidenced by exploitation of avian megafauna Sci. Adv. 4 eaat6925

P Mitchell 2020 Debating Madagascar: A reply to Hansford et al’s response J. Isl. Coast. Archaeol. 15 603 608

. SW Hixon AI Domic KG Douglass P Roberts L Eccles M Buckley S Ivory S Noe DJ Kennett 2022 Cutmarked bone of drought-

tolerant extinct megafauna deposited with traces of fire, human foraging, and introduced animals in SW Madagascar Sci. Rep. 12
18504

M Parker Pearson 2010 Pastoralists, warriors and colonists: The archaeology of Southern Madagascar Archaeopress, Oxford 2010
LR Godfrey N Scroxton BE Crowley SJ Burns MR Sutherland VR Pérez P Faina D McGee L Ranivoharimanana 2019 A new
interpretation of Madagascar’s megafaunal decline: The “Subsistence Shift Hypothesis” J. Hum. Evol. 130 126 140

E Razanatsoa L Gillson M Virah-Sawmy S Woodborne 2022 Synergy between climate and human land-use maintained open
vegetation in southwest Madagascar over the last millennium The Holocene 32 57 69

NRG Voarintsoa L Wang LB Railsback GA Brook F Liang H Cheng RL Edwards 2017 Multiple proxy analyses of a U/Th-dated
stalagmite to reconstruct paleoenvironmental changes in northwestern Madagascar between 370CE and 1300CE Palaeogeogr.
Palaeoclimatol. Palaeoecol. 469 138 155

BE Crowley KE Samonds 2013 Stable carbon isotope values confirm a recent increase in grasslands in northwestern Madagascar
The Holocene 23 1066 1073

EC Ellis N Gauthier K Klein Goldewijk R Bliege Bird N Boivin S Diaz DQ Fuller JL Gill JO Kaplan N Kingston H Locke CNH
McMichael D Ranco TC Rick MR Shaw L Stephens J-C Svenning JEM Watson 2021 People have shaped most of terrestrial nature
for at least 12,000 years Proc. Natl. Acad. Sci. 118 2023483118

M Macek V Abraham P Tka¢ D Novak J Kolat 2023 The diversity and distribution of introduced plant species reflect 8000 years of
settlement history J. Ecol. 111 787 798

BM Pavlik LA Louderback KB Vernon PM Yaworsky C Wilson A Clifford BF Codding 2021 Plant species richness at archaeological
sites suggests ecological legacy of Indigenous subsistence on the Colorado Plateau Proc. Natl. Acad. Sci. 118 €2025047118

A Gonzalez-Megias JM Gomez 2003 Consequences of removing a keystone herbivore for the abundance and diversity of
arthropods associated with a cruciferous shrub Ecol. Entomol. 28 299 308

LF Rodriguez 2006 Can invasive species facilitate native species? Evidence of how, when, and why these impacts occur Biol.
Invasions 8 927 939

JA Dearing 2008 Landscape change and resilience theory: A palaeoenvironmental assessment from Yunnan, SW China The
Holocene 18 117 127

CL Crumley T Lennartsson A Westin Eds 2018 Issues and concepts in historical ecology: The past and future of landscapes and
regions Cambridge University Press Cambridge

P Szab6 2015 Historical ecology: Past, present and future Biol. Rev. 90 997 1014

B Winterhalder 1994 Concepts in historical ecology: The view from evolutionary ecology CL Crumley Eds Historical ecology:
Cultural knowledge and changing landscapes School of American Research Press 17 42

DS Davis 2020 Studying human responses to environmental change: Trends and trajectories of archaeological research Environ.
Archaeol. 25 367 380

DS Davis 2024 Past, present, and future of complex systems theory in archaeology J. Archaeol. Res. 32 549 596

de Pinho, R. C,, Pequeno, P. A. C. L., Alfaia, S. S., Barbosa, R. I. & Lincoln, N. K. Soil fertility in indigenous swidden fields and
fallows in Northern Amazonia, Brazil. Soil Use Manag. n/a (2023).

McMichael, C. N. H., Bush, M. B, Jiménez, ]. C. & Gosling, W. D. Past human-induced ecological legacies as a driver of modern
Amazonian resilience. People Nat., pan3.10510 (2023).

DJ Bain MB Green JL Campbell JF Chamblee S Chaoka JM Fraterrigo SS Kaushal SL Martin TE Jordan AJ Parolari 2012 Legacy
effects in material flux: Structural catchment changes predate long-term studies Bioscience 62 575 584

JA Fisher N Shackelford MD Hocking AJ Trant BM Starzomski 2019 Indigenous peoples’ habitation history drives present-day
forest biodiversity in British Columbia’s coastal temperate rainforest People Nat. 1 103 114

SL Martin QF Hamlin AD Kendall L Wan DW Hyndman 2021 The land use legacy effect: Looking back to see a path forward to
improve management Environ. Res. Lett. 16 035005

KM Johnson WB Ouimet 2018 An observational and theoretical framework for interpreting the landscape palimpsest through
airborne LiDAR Appl. Geogr. 91 32 44

DS Davis B Tucker R Tsiazonera ZM Justome BV Chrisostome AI Pierre LN Domic A Phelps C Ibirogba C Mangut KD Klehm
2024 Archaeology, Ethnography, and Geosciences reveal central role of traditional lifeways in shaping Madagascar’s dry forests J.
Soc. Archaeol. 24 221 245

JW Yount BT Tsiazonera Tucker 2001 Constructing Mikea identity: Past or present links to forest and foraging Ethnohistory 48 257
291

K Douglass 2017 The diversity of late Holocene shellfish exploitation in velondriake Southwest Madagascar. J. Isl. Coast. Archaeol.
12 333 359

Arnoldussen, S., Verschoof-van der Vaart, W. B., Kaptijn, E. & Bourgeois, Q. P. J. Field systems and later prehistoric land use: New
insights into land use detectability and palacodemography in the Netherlands through LiDAR, automatic detection and traditional
field data. Archaeol. Prospect. n/a (2022).

WB Verschoof-van der Vaart K Lambers 2022 Applying automated object detection in archaeological practice: A case study from
the southern Netherlands Archaeol. Prospect. 29 15 31

L Stephens D Fuller N Boivin T Rick N Gauthier A Kay B Marwick CG Armstrong CM Barton T Denham K Douglass ] Driver L
Janz P Roberts JD Rogers H Thakar M Altaweel AL Johnson MM Sampietro Vattuone M Aldenderfer S Archila G Artioli MT Bale
T Beach F Borrell T Braje PI Buckland NG Jiménez Cano JM Capriles A Diez Castillo ¢ Cilingiroglu M Negus Cleary ] Conolly
PR Coutros RA Covey M Cremaschi A Crowther L Der S Lernia di JF Doershuk WE Doolittle K] Edwards JM Erlandson D Evans
A Fairbairn P Faulkner G Feinman R Fernandes SM Fitzpatrick R Fyfe E Garcea S Goldstein RC Goodman ] Dalpoim Guedes |
Herrmann P Hiscock P Hommel KA Horsburgh C Hritz JW Ives A Junno JG Kahn B Kaufman C Kearns TR Kidder F Lanoé D
Lawrence G-A Lee MJ Levin HB Lindskoug JA Lopez-Saez S Macrae R Marchant JM Marston S McClure MD McCoy AV Miller
M Morrison G Motuzaite Matuzeviciute ] Miiller A Nayak S Noerwidi TM Peres CE Peterson L Proctor AR Randall S Renette
G Robbins Schug K Ryzewski R Saini V Scheinsohn P Schmidt P Sebillaud O Seitsonen IA Simpson A Soltysiak R] Speakman
RN Spengler ML Steffen MJ Storozum KM Strickland ] Thompson TL Thurston S Ulm MC Ustunkaya MH Welker C West PR
Williams DK Wright N Wright M Zahir A Zerboni E Beaudoin S Munevar Garcia ] Powell A Thornton JO Kaplan M-J Gaillard K
Klein Goldewijk E Ellis 2019 Archaeological assessment reveals Earth’s early transformation through land use Science 365 897 902
JAQ Castillo L Elorza MI Garcia-Collado 2023 The manure hypothesis, off-site records and the archaeology of agricultural
practices in the Alava plain JAQ Castillo Eds Agrarian Archaeology in Northwestern Iberia: Local societies: The off-site record
Archaeopress Publishing Ltd, Oxford 127 150https://doi.org/10.2307/jj.1791914

KG Lightfoot RQ Cuthrell CJ Striplen MG Hylkema 2013 Rethinking the study of landscape management practices among hunter-
gatherers in North America Am. Antiq. 78 285 301

I Kopytoft Eds 1987 The African frontier: The reproduction of traditional African Societies Indiana University Press

Scientific Reports |

(2025) 15:31160

| https://doi.org/10.1038/s41598-025-16992-5 nature portfolio


https://doi.org/10.2307/jj.1791914
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

56.

57.

58.
59.
60.
61.
62.
63.
64.
65.

66.

67.

68.
69.

70.
71.

72.
73.

74.
75.

76.

77.
78.
79.
81.
82.
83.

84.
85.

86.

87.
88.

89.
90.

91.

92.

Au

DS Davis T Rasolondrainy G Manahira SW Hixon V Andriankaja L Hubertine R Justome F Lahiniriko H Léonce R Roi F Victorian
MB] Clovis V Voahirana TL Carina AJ Yves ZM Chrisostome B Manjakahery K Douglass 2023 Social networks as risk-mitigation
strategies in south-west Madagascar Antiquity 97 1296 1312

P Faina S] Burns LR Godfrey BE Crowley N Scroxton D McGee MR Sutherland L Ranivoharimanana 2021 Comparing the
paleoclimates of northwestern and southwestern Madagascar during the late Holocene: Implications for the role of climate in
megafaunal extinction Malagasy Nat. 15 108 127

K Douglass T Rasolondrainy 2021 Social memory and niche construction in a hypervariable environment Am. J. Hum. Biol. 33
€23557

RM Laney 2002 Disaggregating induced intensification for land-change analysis: A case study from Madagascar Ann. Assoc. Am.
Geogr. 92 702 726

T Casse A Milhgj S Ranaivoson JR Randriamanarivo 2004 Causes of deforestation in southwestern Madagascar: What do we
know? For. Policy Econ. 6 33 48

GJ Harper MK Steininger CJ Tucker D Juhn F Hawkins 2007 Fifty years of deforestation and forest fragmentation in Madagascar
Environ. Conserv. 34 325 333

RW Sussman GM Green LK Sussman 1994 Satellite imagery, human ecology, anthropology, and deforestation in Madagascar
Hum. Ecol. 22 333 354

K Westerman KL Oleson A Harris 2012 The role of community-based coastal conservation and development initiatives in building
social-ecological resilience to climate change: Experiences from southern Madagascar West. Indian Ocean J. Mar. Sci. 11 87 97
M-S Fletcher R Hamilton W Dressler L Palmer 2021 Indigenous knowledge and the shackles of wilderness Proc. Natl. Acad. Sci.
118 €2022218118

AM Guerrero RR] Mcallister KA Wilson 2015 Achieving cross-scale collaboration for large scale conservation initiatives Conserv.
Lett. 8 107 117

E Razanatsoa S Andriantsaralaza SM Holmes OS Rakotonarivo AN Ratsifandrihamanana L Randriamiharisoa M Ravaloharimanitra
N Ramahefamanana D Tahirinirainy ] Raharimampionona 2021 Fostering local involvement for biodiversity conservation in
tropical regions: Lessons from Madagascar during the COVID-19 pandemic Biotropica 53 994 1003

AR Huft 2012 Exploring discourses of indigeneity and rurality in Mikea Forest environmental governance Madag. Conserv. Dev.
7 58 69

“Guidelines for Applying Protected Area Management Categories” (21, IUCN, Gland, Switzerland, 2013).

R.J. Hijmans, raster: Geographic Data Analysis and Modeling, version R package version 2.8-19 (2019). https://CRAN.R-project.
org/package=raster.

E Pebesma 2018 Simple Features for R: Standardized Support for Spatial Vector Data R J. 10 439

E. Pebesma, R. Bivand, Spatial Data Science: With Applications in R (Chapman and Hall/CRC, New York, ed. 1, 2023; https://www
.taylorfrancis.com/books/9780429459016).

H Wickham 2016 Ggplot2: Elegant graphics for data analysis Springer New York

R Core Team, R: A language and environment for statistical computing, version 4.2.3, R Foundation for Statistical Computing
(2023). http://www.R-project.org/.

DS Davis RJ DiNapoli G Pakarati TL Hunt CP Lipo 2024 Island-wide characterization of agricultural production challenges the
demographic collapse hypothesis for Rapa Nui (Easter Island) Sci. Adv. 10 eado1459

DS Davis K Douglass 2021 Remote sensing reveals lasting legacies of land-use by small-scale communities in the southwestern
Indian Ocean Front. Ecol. Evol. 9 689399

HA Orengo FC Conesa A Garcia-Molsosa A Lobo AS Green M Madella CA Petrie 2020 Automated detection of archaeological
mounds using machine-learning classification of multisensor and multitemporal satellite data Proc. Natl. Acad. Sci. 117 18240
18250

SJ Phillips RP Anderson RE Schapire 2006 Maximum entropy modeling of species geographic distributions Ecol. Model. 190 231
259

W Li Q Guo 2010 A maximum entropy approach to one-class classification of remote sensing imagery Int. J. Remote Sens. 31 2227
2235

CE Shannon 1948 A mathematical theory of communication Bell Syst. Tech. J. 27 379-423 623 656

. PM Yaworsky KB Vernon JD Spangler SC Brewer BF Codding 2020 Advancing predictive modeling in archaeology: An evaluation

of regression and machine learning methods on the Grand Staircase-Escalante National Monument PLoS ONE 15 e0239424

L Breiman 2001 Random forests Mach. Learn. 45 5 32

G Mountrakis ] Im C Ogole 2011 Support vector machines in remote sensing: A review ISPRS J. Photogramm. Remote Sens. 66
247 259

Patle, A. & Chouhan, D. S., “SVM kernel functions for classification” In 2013 International Conference on Advances in Technology
and Engineering (ICATE) (IEEE, Mumbai, 2013; http://ieeexplore.ieee.org/document/6524743/), pp. 1-9.

Buhmann, M. & Jéger, J. On radial basis functions. https://doi.org/10.14760/SNAP-2019-002-EN (2019)

Leutner, B., Horning, N. & Schwalb-Willmann, J. RStoolbox: Tools for remote sensing data analysis. version 0.2.6 (2019); https://
CRAN.R-project.org/package=RStoolbox.

J Vollering R Halvorsen S Mazzoni 2019 The MIAmaxent R package: Variable transformation and model selection for species
distribution models Ecol. Evol. 9 12051 12068

A Liaw M Wiener 2002 Classification and regression by randomForest R News 2 18 22

Kuhn, M., Wing, J., Weston, S., Williams, A., Keefer, C., Engelhardt, A., Cooper, T., Mayer, Z. & Kenkel, B. Caret: Classification and
regression training. R package version 6.0-86 (2020).

FAO, “WaPOR database methodology, V2 release” (Food and Agriculture Organization of the United Nations, Rome, Italy, 2020).
T Lumley P Diehr S Emerson L Chen 2002 The importance of the normality assumption in large public health data sets Annu. Rev.
Public Health 23 151 169

Hebbali, A. _olsrr: Tools for Building OLS Regression Models_., version R Package version 0.5.3 (2020); https://CRAN.R-project.
org/package=olsrr.

Canty, A. & Ripley, B., boot: Bootstrap R (S-Plus) Functions, version R package version 1.3-28.1 (2022).

. Davison, A. C. & Hinkley, D. V., Bootstrap Methods and Their Application (Cambridge University Press, Cambridge, Reprinted with

corrections 2003., 1997) Cambridge series on statistical and probabilistic mathematics.

thor contributions

Project was designed by DSD and KD. Methods were developed and performed by DSD. DSD Wrote the main
manuscript with input from KD, GM, and BT. DSD prepared figures with input from BT. All authors reviewed

the

manuscript.

Scientific Reports |

(2025) 15:31160

| https://doi.org/10.1038/s41598-025-16992-5 nature portfolio


https://CRAN.R-project.org/package=raster
https://CRAN.R-project.org/package=raster
https://www.taylorfrancis.com/books/9780429459016
https://www.taylorfrancis.com/books/9780429459016
http://www.R-project.org/
http://ieeexplore.ieee.org/document/6524743/
https://doi.org/10.14760/SNAP-2019-002-EN
https://CRAN.R-project.org/package=RStoolbox
https://CRAN.R-project.org/package=RStoolbox
https://CRAN.R-project.org/package=olsrr
https://CRAN.R-project.org/package=olsrr
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-16992-5.

Correspondence and requests for materials should be addressed to D.S.D.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:31160 | https://doi.org/10.1038/s41598-025-16992-5 nature portfolio


https://doi.org/10.1038/s41598-025-16992-5
https://doi.org/10.1038/s41598-025-16992-5
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Traditional land use is integral to ecological function in SW Madagascar
	﻿Results
	﻿Machine learning helps identify patterns of historic land use
	﻿Historic land use practices correlate with modern ecosystem function

	﻿Discussion
	﻿Economic diversity may have buffered communities against socio-environmental instability in SW Madagascar

	﻿Limitations of the study
	﻿Conclusions and lessons for the future
	﻿Methods
	﻿Machine learning for identifying archaeological land-use
	﻿Assessing cumulative ecological impact of archaeological activities

	﻿References


