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Introduction
Megaprojects are strategically envisioned to boost regional development. Still, they drive ecosystem changes that generate ecological impacts in space and time beyond construction sites, particularly those established in rural regions, as their economic goals often trigger broader landuse changes. These distal ecological impacts are frequently overlooked, but their evaluation is critical to assess changes in ecosystem services that provide quality of life to the local people. To understand the effects on ecosystem services, this study analyzed both the proximal and distal impacts of the “Tren Maya” railroad megaproject.
Methods
Using InVest models, which provide spatial quantitative analysis using land use information, among other variables. We evaluated three ecosystem services: habitat quality, pollination, and carbon sequestration across the Yucatán Peninsula, Mexico. We assessed historical (2002) and recent (2017) ecosystem services. We projected three scenarios to 2050: (a) future without train, land use change using previous trends, (b) proximal impacts of the Tren Maya, and (c) combined proximal and distal impacts of the Tren Maya.
Results
Results show significant declines of all evaluated ecosystem services in the three future scenarios, with the most pronounced reductions with distal impacts. Ecosystem types have different impacts, where tropical rainforests and tropical dry forest are the most affected. Geographically, the northwestern region of the Peninsula (the most populated) is more affected, while protected areas in the southern region mitigate some impacts.
Discussion
The analysis shows that distal impacts are more significant in the habitat quality than the other two ecosystem services evaluated. Our findings underscore the need for megaproject evaluations to incorporate both proximal and distal impacts to ensure sustainable development.
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1 INTRODUCTION
Megaprojects are large-scale infrastructure endeavors involving financial investments of more than 1 billion USD (Han et al., 2024). They have multiple goals and intervention areas, focusing, in many cases, on urban regions (del Cerro Santamaría, 2021). While these projects are considered growth drivers, and some look to reduce human impact in urban areas (Li et al., 2022), they have recently received social resistance (Witz et al., 2021) since, in many cases, they disrupt ecological dynamics (Merrow, 2024). This is particularly important in megaprojects aiming to develop rural regions, such as highways and railways, to increase connectivity. The scale of these projects in rural areas can result in significant ecological disturbances, requiring a thorough analysis of their environmental impacts (Gellert and Lynch, 2003) to balance their benefits with the ecological costs (Marsden and Lenton, 2024).
The environmental assessment of projects has traditionally concentrated on their immediate, localized impacts, referred to as “direct” effects (Labarraque et al., 2015). Here, we refer to these impacts as “proximal”, as they encompass ecological changes near the construction site, such as reductions in water flow, habitat degradation, pollution, and altered aesthetics. While specific proximal impacts, like habitat fragmentation, can extend beyond the immediate construction area, most remain confined to zones adjacent to the infrastructure (Tardieu et al., 2015; Metzger et al., 2021).
Since the goal of megaprojects in rural areas is the economic development of local people, its influence extends beyond their immediate surroundings, affecting ecosystems at multiple spatial and temporal scales (Marsden and Lenton, 2024). They promote cumulative impacts on the region (Siqueira-Gay, 2021), which drives land-use changes across broader landscapes (Gellert and Lynch, 2003; Díaz Perera and Gasparello, 2023). Therefore, in addition to proximal impacts, these megaprojects generate “distal” impacts that unfold far from the construction site and over long periods. These distal impacts, akin to the medical term describing effects far from the primary intervention site, reflect the systemic outcome of these projects. Distal impacts have more extensive changes in land use, which are capable of modifying the ecosystems into a tipping point that would revert all the potential economic benefits of the intervention (Marsden and Lenton, 2024).
Since we are studying spatial and temporal scales, we use the terms “proximal” and “distal,” which we consider better describe the phenomena we analyze in this manuscript. We are using these terms instead of “direct” and “indirect” because these others also refer to complex dynamics, such as higher-order interactions (Schamberg et al., 2020), which were not evaluated in this research. For instance, a railroad megaproject may affect ecosystems along its immediate path and trigger land-use changes farther abroad by facilitating agricultural expansion, urbanization, and other activities with impacts on natural ecosystems (Vickerman, 2017).
Distal impacts become more relevant when the evaluation focuses on the effects on ecosystem services. Most analyses of any human intervention affecting a region evaluate the changes in the ecosystem’s components and, occasionally, its function; however, assessing the reduction of ecosystem services is less common (Sonter et al., 2018). Ecosystem services assessment evaluates how the vegetation type, ecosystem dynamics, and the effects of these changes on the wellbeing of the local communities are changing (Zhou et al., 2024), including vulnerability reduction to extreme events related to climate change (Leal Filho et al., 2021). Therefore, ecosystem service assessments should be incorporated early in the planning stages of large-scale infrastructure projects.
In this study, we assess megaprojects’ proximal and distal impacts, using the “Tren Maya” railway system in southeastern Mexico as a focal case. This 1,525-km-long rail network, which costs reached 23 billion USD, aims to stimulate economic development across the Yucatán Peninsula by enhancing tourism and agro-industrial activities. The “Tren Maya” project was announced in August 2018 and its construction started in December of the same year, ending by December 2024 (Gobierno-Mexico, 2020).
Among many ecosystem services relevant to the quality of life of the local people, we focused on three essential services for these rural communities to evaluate the Tren Maya’s proximal and distal impacts: habitat quality, pollination, and carbon sequestration. Habitat quality and pollination are related to local activities that depend upon biodiversity, and carbon sequestration is related to climate change.
Local biodiversity is a measure of habitat quality, which plays a significant role in sustaining traditional practices of the rural communities, which are mainly composed of Mayan groups (López-Castilla et al., 2024). The loss of high-quality habitats has far-reaching implications for the region’s biodiversity, affecting ecosystem services such as pollination (Bengtsson et al., 2019). Traditional agricultural practices such as the “milpa” system are compatible with habitat conservation (Ellis and Porter-Bolland, 2008). The milpa system is a polyculture based on maize and other crops that rotate with tropical forests over a period of 10–25 years (Nigh and Diemont, 2013). The milpa production process depends on mutualistic dynamics between plants and insects, which consequently requires native pollinator species (Fonteyne et al., 2023; Grof-Tisza et al., 2024). Therefore, changes in land use can lead to productivity losses due to poor soils and pollinators’ reduction (McGroddy et al., 2013).
The third ecosystem service assessed was carbon sequestration, which is produced by native forests, and it is crucial in reducing vulnerability to climate change (Libert-Amico et al., 2022). Their destruction makes the region more susceptible to increasingly intense hurricanes (Appendini et al., 2019), for which small rural communities are especially vulnerable (McGroddy et al., 2013).
This research aims to evaluate the proximal and distal impacts of the megaproject Tren Maya on ecosystem services in the Yucatan Peninsula. To this end, the research analyzed the trajectory of these ecosystem services over the last 20 years to create three scenarios to 2050: a) considering only previous land use trends without the train construction, b) considering the proximal impacts of the Tren Maya, and c) considering proximal and distal impacts of the Tren Maya. Our aim is to contrast how megaproject construction would impact these ecosystem services in the future.
We hypothesize that the reduction of ecosystem services produced by the proximal impacts of the Tren Maya in the Yucatan Peninsula will be significantly more extensive than without this megaproject. A second hypothesis is that, the proximal impacts will be substantially smaller than the distal ones, since the construction effect will extend to the entire peninsula. A third hypothesis is that proximal and distal impacts will vary depending on the vegetation type and ecosystem service.
2 MATERIALS AND METHODS
2.1 Study area
The study area covers the Tren Maya railway project across the entire Yucatán Peninsula in southeastern Mexico, which includes the states of Campeche, Yucatán, and Quintana Roo, as well as parts of Tabasco and Chiapas. The region spans 147,918 km2, with coordinates ranging from 21° 36′ N to 17° 49′ N latitude and 86° 44′ W to 90° 59′ W longitude. The Yucatan Peninsula is part of the Neotropical corridor influenced by the Amazon (Burbano-Girón et al., 2022) and harbors diverse ecosystems that provide critical ecosystem service to rural people. The environmental assessment of the Tren Maya was divided into seven independent phases. All of these environmental assessments were conducted after the construction began. These assessments were concentrated on proximal impacts and were performed on independent sections of the projected route (SEMARNAT, 2023).
The Yucatan Peninsula is characterized by a flat topography and minimal surface runoff owing to its karstic soil composition. As a result, rainwater rapidly infiltrates to the aquifer, giving rise to the distinctive sinkholes, popularly known as “cenotes,” contributing to the region’s rich freshwater biodiversity (Zambrano et al., 2006). Aquifer discharge along the coastline supports the formation of extensive lagoon systems throughout much of the peninsula. Surface water basins are limited, with notable examples being the Champotón River in Campeche and the Hondo River in southeastern Quintana Roo (Figure 1A). Owing to their ecological significance and high biodiversity, several areas within the peninsula have been designated as Biosphere Reserves or Protected Natural Areas, collectively covering 22.8% of the total land area (Figure 1B).
[image: Map of the Yucatán Peninsula split into two panels. Panel A shows current land use, including human settlements, various types of agriculture, grasslands, natural vegetation, and water bodies. Panel B highlights the region's location in Mexico and protected areas. Both panels display the planned route of the Tren Maya railway.]FIGURE 1 | Study area: the Yucatan Peninsula 1 (A). Vegetation types and land use cover in 2017, obtained from INEGI Series VII (INEGI, 2021) 1 (B). Natural Protected Areas within the peninsula with the Tren Maya project route indicated.The Yucatan Peninsula supports different vegetation types, primarily shaped by its warm and humid climate and soil characteristics (Islebe et al., 2015; Reyes-Palomeque et al., 2021). The most widespread are tropical rainforests and tropical dry forests. Wetlands are mainly concentrated along the coastline, while natural grasslands dominate the northern part of the peninsula. The least common ecosystem, temperate forest, is found in the south-central region (Figure 1A).
2.2 Ecosystem services analysis
We divide the method into four sections to evaluate ecosystem services: 1. Data gathering to create land use maps for 2002 and 2017; 2. Land use change scenarios up to 2050 based on changes from the past 2 decades; 3. Quantification of ecosystem services for all scenarios and previous years; 4. Statistical analysis of each ecosystem service change over time and in the different scenarios. Each section has multiple steps. We provide more information in Supplementary Appendix 1 for steps that require it.
2.3 Data gathering to build 2002 and 2017 maps
We used two land-use and vegetation maps provided by the National Institute of Statistics and Geography (INEGI). We named the first map “Baseline”, which was obtained from INEGI Series III with 2002 information (Instituto Nacional de Estadística y Geografía, 2005). We named the second map “Current”, which was obtained from INEGI Series VII, with 2017 information (a year before the construction of the railroad began) (Instituto Nacional de Estadistica y Geografia, 2021). For more information about the series and rasterization see Appendix. We categorized land uses into vegetation types, including wetlands, grasslands, temperate forests, tropical dry forests, tropical rainforests, other natural vegetation (such as coastal dune vegetation and palm groves), croplands (both temporary and irrigated), pastures for cattle, and urban areas.
We also used information on mobility infrastructure, such as roads and highways, was obtained from the government web pages of INEGI (SCT, 2014; INEGI, 2020). Finally, we created a shapefile map of the Tren Maya railroad, train stations, hotels, on the new Tulum airport were digitized from the ArcMap base map (version 10.8).
2.4 Projected land use change scenarios to 2050
We developed the land use/land cover (LULC) change model using DINAMICA-EGO software version 5.2.1 to project future land use changes. The utilizes historical LULC maps to calculate change rates, which define the magnitude of transitions among land use classes, and applies statistically weighted explanatory variables to determine the spatial distribution of changes through probability maps (Rodrigues and Soares-Filho, 2018; see Appendix).
The model generates different outcomes depending on variations in its parameters (i.e., transition rates or explanatory variables). We evaluated the correlation among the variables and selected the most significant ones for each transition based on previous studies (Ellis et al., 2010; Pérez-Vega et al., 2012), using INEGI Series II, III, IV, and V, Then, we validated the correlation results and model scenario for 2017 against INEGI Series VI (see Appendix).
To build the scenarios, we divided the study area into four zones based on the proximity to the Tren Maya stations and railroad segments (see Appendix). Based on this zonation, we created three future scenarios extending to 2050 by modifying the transition rates as follows: (1) Future without the train (FWT), which used the average historical rates of land cover change, representing a baseline scenario without the influence of the Tren Maya. (2) Proximal impacts of the Tren Maya, built upon the FWT baseline, this scenario adds a spatial layer of the railway and station infrastructure, assuming increased tourism and freight movement. We included a 200-m-wide deforestation corridor, causing landscape fragmentation, based on planning documents from construction authorities. (3) Distal impacts of the Tren Maya., which represents the worst-case scenario by the DINAMICA-EGO model, incorporating the highest projected land use change rates, minimal regeneration rates, and additional tourism facilities currently under construction linked to the Tren Maya project.
2.5 Ecosystem services quantification
We used the Integrated Valuation of Ecosystem Services and Tradeoffs (InVest Integrated Valuation of Ecosystem Services and Tradeoffs, 2023) software to assess ecosystem services. This open-source tool enables spatially explicit evaluations of these services. Using InVEST, we evaluated the ecosystem services in 2002 and 2017 and the three generated scenarios (see above). We focused on three services: (1) habitat quality (Forman et al., 2003; Martínez et al., 2025), (2) carbon sequestration (Eggleston et al., 2006; Ersoy Mirici and Berberoglu, 2024) and (3) pollination (Hill et al., 2019; Meldrum et al., 2024). For more information about variables used to evaluate these ecosystem services, see the Appendix. The program generates different types of values for each ecosystem service. For habitat quality, pixel values are ranked between 0 (destroyed habitat) and 1 (the highest habitat suitability). For carbon sequestration, values show tons per pixel. For pollination, values show an abundance index per pixel ranging from 0 (none) to 1 (highest).
For habitat quality ecosystem service, InVEST requires including values for different type of threats. We defined threats to the ecosystem service of habitat quality as anthropogenic land uses such as roads, urban areas, agricultural and cattle grazing activities, railroads, train stations, and the newly constructed hotels and airports. InVEST defines threats only for the habitat quality ecosystem service. In distal impacts these threats can have different values based on the intensity of economic activity or the size of infrastructure (Table 1). Land use changes driven by distal impacts were primarily linked to urban areas and had the most significant negative impact on ecosystem services. Intensive agriculture, which requires irrigation and the use of agrochemicals, had a greater impact than traditional farming (Turner et al., 2001). Similarly, cattle grazing on grasslands reduced ecosystem services previously provided by tropical dry forests. Additional impacts included airports and hotels constructed within rainforest areas along the Tren Maya route.
TABLE 1 | Maximum values used in the InVest model of distances from the threat and the intensity of the threat. Distance from the threat is the length of influence a threat has on the ecosystem service, measured in km. The influence is decaying linearly as the distance increases from the edge of the threat. The intensity is between 0 (null) and 1 (strongest) possible influence from the threat to the ecosystem. BL = baseline map. CR = current map, BU = business-as-usual scenario, PR = Proximal impacts of Tren Maya scenario, and DS = Distal impacts of Tren Maya scenario. 1-line pvd rd = one line paved road.	Model inputs	BL	CR	BU	PR	DS	BL	CR	BU	PR	DS
	Threat	Distance from the threat (km)	Intensity of the threat
	Urban area	0.2	0.3	0.5	1	1	1	1	1	1	1
	Int agriculture	0.5	1	1.5	2	2	0.6	0.8	1	1	1
	Temp agriculture	0.5	0.5	0.5	1	1	0.6	0.6	0.6	0.8	0.8
	Grass for cattle	0.3	0.5	1	1	1	0.6	0.6	0.6	0.8	0.8
	Unpaved road	0.2	0.4	0.6	1	1	0.2	0.3	0.5	0.6	0.6
	1-line pvd rd	0.6	0.8	1	2	2	0.4	0.6	0.8	0.9	0.9
	Highway	0.8	1	2	4	4	1	1	1	1	1
	Airport				4	4				1	1
	Train Stations				2	2				1	1
	Hotels				1	1				1	1
	TM Railroad				4	4				1	1


Therefore, we added the Tren Maya route as a threat to the ecosystem. We assumed these threats affect all vegetation types equally. The threats were not used as separate inputs for the other two ecosystem services. Instead, we created a raster map layer that included all variables and distances from threats (Table 1), using the ArcGIS software (version 10.8; (ESRI, 2021). Each threat was assigned a different influence on habitats based on proximity and impact. Values ranged from 0 (lowest impact) to 1 (largest possible impact). The reduction in effect intensity with distance (in km) depended on the type of impact. For example, unpaved roads had a smaller impact than highways, and the intensity of their effect decreased with distance.
2.6 Statistical analysis
To make a quantitative evaluation of the changes in ecosystem services from the InVEST models, we divided the study area into 25-ha quadrates. Each quadrate was assigned to one of the three most abundant vegetation types (wetland, tropical dry forest, tropical rainforest) based on the 2002–2005 Series III dataset. The dominant vegetation type (having the largest covering area) was selected if multiple vegetation types were present within a quadrant. This classification remained consistent across all future scenarios, even if the quadrate became urbanized in subsequent years. Each quadrate produced an average value for the respective ecosystem service. For visualization purposes, spatial data were reclassified into four impact categories: very low, low, medium, and high, using natural breaks (Jenks method) in ArcGIS (ESRI, 2021). This classification was also applied to evaluate changes in vegetation cover per hectare across different classes.
We fitted generalized linear mixed models (GLMMs) with a beta distribution to estimate the average value of each ecosystem service in the baseline and in different current and future scenarios. We divided the value of each ecosystem service by vegetation type. We used the beta distribution to describe the response variable distributions because the habitat quality and pollination abundance indices fall within the [0, 1] interval. We divided the carbon value by 10,000 to fit this interval. These models were fitted using the brms package (Bürkner, 2017; 2021) in R (Team, 2012), and we extracted the estimated mean and standard deviation associated with each ecosystem service and scenario.
3 RESULTS
We found a reduction of natural vegetation and ecosystem services between 2002 and 2017 both spatially (Figure 2) and quantitatively (Table 2). Across the entire Yucatan Peninsula, areas without natural vegetation (light green; Figure 2) have increased by approximately 7,530 km2 (Table 2). Urban areas have expanded by around 930 km2, agricultural land increased by nearly 4,700 km2, and grazing areas grew by 1,900 km2. This comparison highlights a notable expansion of anthropogenic landscapes, particularly in the northern part of the peninsula and nearby protected areas, where road density is higher (Figure 1).
[image: Three rows of maps depict environmental impacts in the Yucatan Peninsula across different scenarios: Baseline, Current, FWT, Proximal, and Distal. Each row represents a different metric: Habitat Quality, Carbon Storage, and Pollination, using color coding ranging from high (dark green) to very low (orange and gray) values. Gray lines indicate the Tren Maya railway. A legend identifies categories as Tren Maya railway, anthropogenic covers, very low, low, mid, and high impact levels.]FIGURE 2 | Changes in three ecosystem services across the Yucatan Peninsula modeled using InVest. The first two columns represent ecosystem services for the baseline year 2002 (INEGI, 2005) and the current year 2017 (INEGI, 2021). The following three columns represent projected values to 2050 under three scenarios: FWT (future without train), Proximal impacts of the Tren Maya (considering only the construction), and Distal impacts of the Tren Maya (potential effects from associated projects triggered by the megaproject).TABLE 2 | Land use change area (ha) in the Yucatan Peninsula during the first decades of the 21st century. The baseline (2003) was obtained from INEGI Series III (INEGI, 2005), while the current data (2017) was obtained from INEGI Series VII (INEGI, 2021).		Land use	Baseline	Current	Change
	Non habitat	Human settlements	85,777	178,659	92,882
	Pasture	2,138,255	232,7846	189,591
	Irrigated agriculture	162,891	204,386	41,495
	Temporal agriculture	443,850	872,879	429,029
	Total	2,830,773	3,583,770	752,997
	Habitat	Wetlands	917,907	926,662	8,755
	Grassland	14,674	10,425	−4,249
	Temperate forests	31,900	56,153	24,253
	Dry forest	4,324,355	3,761,461	−562,893
	Rainforest	6,416,295	6,193,163	−223,131
	Water body	209,849	238,723	28,874
	Other natural vegetation	18,559	18,862	304
	Total	11,933,538	11,205,450	−728,088


As a result of this historical increase in anthropogenic landscapes, there has been a corresponding decline in all three ecosystem services studied. The most significant reductions are concentrated in the northwestern part of the peninsula (Figure 2). Under the Tren Maya distal impacts scenario, only small patches of high ecosystem service values remain, predominantly in the two large protected areas: Calakmul and Sian Ka’an. In contrast, much of the rest of the Yucatan Peninsula, which once provided substantial ecosystem services at the beginning of this century, shows a near-total depletion of these services in the most recent years and projected scenarios. The results reveal that roads and the proximal and distal impacts of the Tren Maya are driving a reduction of habitat quality. In contrast, this reduction is less pronounced in protected areas but still evident.
The analysis provides insight into the projected performance of ecosystem services under future land-use change scenarios. The first significant decline in all three ecosystem services is observed in the future without train (FWT) scenario. If land use continues to change at the same rate as it has done in the first quarter of this century, there will be a significant depletion of all ecosystem services, as well as a homogenization of this depletion across the region in those services most affected, even without the construction of the Tren Maya (Figure 3). However, the construction of this megaproject exacerbates these adverse effects. The proximal impacts of the Tren Maya further diminish all ecosystem services, with a reduction of up to 21.7% in pollination in the tropical rain forest (Figure 3). When analyzing the reductions in the distal scenario, we observed variations among ecosystem services. While carbon sequestration and pollination experienced relatively modest declines, habitat quality substantially decreased, particularly in the two crucial vegetation types: tropical rainforest and tropical dry forest (Figure 3).
[image: Three side-by-side plots showing habitat quality, carbon, and pollination abundance index across five scenarios: Baseline, Current, FWT, Proximal, Distal. Symbols represent three vegetation types: Tropical dry forest (X), Tropical rain forest (diamond), and Wetlands (inverted triangle). Each plot includes error bars for the data points.]FIGURE 3 | Average values estimated using the beta distribution (see Methods) for each ecosystem service analyzed with InVEST, based on baseline data from 2002 (INEGI, 2005) and current data from 2017 (INEGI, 2021). Three future scenarios were modeled: Future without train (FWT), Proximal impacts, and Distal impacts.4 DISCUSSION
The findings of this study indicate a substantial decline in the three ecosystem services since the onset of the 21st century. However, this depletion appears to be the result of a long-term trend. This decline is attributed to the proliferation of tourism infrastructure and agro-pastoral activities that have already been present on the peninsula (Torres-Mazuera et al., 2021). For more than 100 years, Mexican rail mobility projects have been implemented in regions that explicitly seek to boost economic activities. However, their construction has not always decreased poverty; they promoted land abandonment and migration to urban poles (Asher and Novosad, 2018). These lands are sold or rented to consortia that promote intensive agriculture and tourism (García-Frapolli et al., 2007), which enhances deforestation in large areas. Consequently, such developments, driven by enhanced transportation infrastructure, expand the ecological footprint beyond its physical boundaries. This can be seen in Figure 3, which shows a significant reduction in ecosystem services over the past 20 years.
Results show a clear trend of economic activities over the last 2 decades, and the acceleration of the reduction of ecosystem services will continue. A future without trains suggests that the region will continue to develop infrastructure for mobility, such as roads and streets. This can be seen in Figure 2, which shows the area close to urban areas. Road development significantly reduces large ecosystems like tropical dry forests and rainforests (Echánove Huacuja, 2021). This will especially happen in the central part of the peninsula. This area has experienced an increase in intensive agriculture in recent decades. Tourism-related developments along the Caribbean coast have further exacerbated ecosystem loss, particularly since the mid-20th century (Gómez et al., 2022; Nguyen et al., 2023). This scenario also shows an initial decline in ecosystem services in tropical rainforests and wetlands, even within protected areas as it seen on the scenario maps. The relatively milder effects in this area can be attributed to the absence of dense road networks near Sian Ka´an and Calakmul Biosphere reserves, the two major reserves.
The Tren Maya seem to be the coda of a vision for the peninsula that lasted for over a century, during which railroads were conceived as keystones for regional progress (Díaz Perera and Gasparello, 2023). Therefore, the depletion of the ecosystem services is larger in scenarios, when including proximal and distal impacts of the Tren Maya. These scenarios suggest that the megaproject potentially leads to a larger reduction of the three ecosystem services.
The proximal impacts of the Tren Maya significantly reduce habitat quality, pollination, and carbon sequestration along the train route. This reduction is more significant in the pollination ecosystem service compared to the other two (Figure 3). However, other ecosystem services have also been affected, with almost half a million tons of carbon captured in vegetation being removed in the construction of the train (Hernandez-Stefanoni et al., 2024). Recent data shows that the construction of the second part of the train (from Cancún to Escárcega), which hosts the largest carbon density (Hernandez-Stefanoni et al., 2024), deforested more than 60 km2, most of which correspond to highly conserved tropical rainforest (Consejo Civil Mexicano para la Silvicultura Sostenible, 2024). This track section also suffered from the destruction of dozens of cenotes along the Caribbean coast due to the need for a basement with columns sustaining the train (Hunter K, 2024). These local effects exacerbate habitat fragmentation in the land and in the aquifer.
The distal impacts of the Tren Maya amplify the negative effect on the three ecosystem services evaluated, particularly in the tropical rainforest (Figure 3). The construction of new touristic centers and agricultural developments can be the reason for this significant reduction. Maps show a reduction in habitat quality even within the Calakmul Biosphere Reserve and other areas affected by the railway (Huerta-Rodríguez et al., 2024). According to UN-Habitat, the project is expected to increase the human population in the region by 50% in a decade (ONU-Habitat, 2020). New roads to promote high-end tourism are being constructed, even within reserves like Calakmul and Sian Ka’an (called “Puerta al Mar”). These roads exemplify the unforeseen distal impacts of megaprojects, where unplanned infrastructure emerges, threatening conservation efforts.
When we compare proximal and distal impacts, ecosystems’ responses to megaprojects do not seem linear. The difference in ecosystem services’ responses to FWT and proximal and distal impacts depends mainly on the type of vegetation affected. While pollination and carbon sequestration show gradual declines, habitat quality experiences a steep reduction, particularly in tropical rainforests and dry forests. This sharp decline in habitat quality may have serious consequences; we will discuss some examples in the following paragraphs.
The habitat degradation in areas around the project makes wildlife crossings ineffective, as the surrounding ecosystems cannot support viable large-mammal populations or animals do not use them (González-Gallina et al., 2022; Hidalgo-Mihart et al., 2022). Compensation programs from proximal impacts to reduce fragmentation for mammals with crossing structures are considered. This reduced habitat quality leads to a fragmentation process that is particularly difficult for large mammals (Carrillo et al., 2019). Connectivity is critical for large endangered mammals like jaguars, white-lipped peccaries, and tapirs (González-Gallina et al., 2022; Reyna-Hurtado, 2024). Since habitat quality is crucial for maintaining native species’ populations and fostering biodiversity (Kearney, 2006), such as the Baird tapir (Naranjo et al., 2015; Reyna-Hurtado, 2024), with distal impacts, these crossing structures may not have the expected compensatory effect.
Other consequences of the reduction of habitat quality caused by distal impacts may be present in dynamics that affect ecosystem services not measured in this analysis because the model used has limitations to make proper and objective evaluations of other highly important ecosystem services, such as water amount and quality, which is strongly affected by the increase of intensive agriculture. High habitat quality improves the infiltration performance to the aquifer whereas intensive agriculture may lixiviate pollutants to the aquifer. Historically, large territories of land in the Yucatan Peninsula are sold or rented to agricultural and tourism consortia (García-Frapolli et al., 2007), leading to deforestation. One of the Tren Maya project goals is related to the increase of intensive agriculture, which in karstic soil requires large quantities of agrochemicals. Fertilizers and pesticides infiltrate to the aquifer, changing its dynamics (Arcega-Cabrera et al., 2021). The groundwater flow goes mainly from the center to the edges of the Yucatan Peninsula, where most of the human population is settled (Bauer-Gottwein et al., 2011). Before the construction of the train, 30% of the drinking water obtained from cenotes contained organochlorine pesticides, particularly in the northern part of the peninsula (Rodríguez et al., 2018). Considering the reduction of the habitat quality due to intensive agriculture, this number may increase dramatically. Agrochemical runoff from agriculture may alter erosion dynamics, contributing to habitat degradation across ecosystems linked by the aquifer (Vilhar et al., 2022). This would affect the water quality in the cenotes (Moreno-Pérez, 2021) needed for water supply and tourism.
The consequences of the reduction in pollination due to megaproject construction shown in Figure 3 must also be reviewed, as this is the ecosystem service most affected, and given that 85% of the plants in tropical dry forest depend on pollinators (Quesada et al., 2011). Most of the agriculture depends on pollinators (Ashworth et al., 2009) and its productivity directly relates to the traditional agricultural milpa system (Rocha et al., 2023; Grof-Tisza et al., 2024). More critically, the decline initiates a feedback loop of pollinator and plant biodiversity loss (Carvalheiro and del Cerro Santamaría, 2010). In the Yucatan Peninsula, there are almost 1,000 species of melliferous flora (Zúñiga-Díaz et al., 2024). The consequences of this depletion require further research and analysis at different scales.
This research used a comprehensive approach to examine a megaproject’s proximal and distal effects, recognizing its profound influence on ecosystem services reduction in a substantial geographical area, such as the complete Yucatan Peninsula. However, some limitations include the use of coarse vegetation types and the analysis of only three ecosystem services, which limits its applicability to specific areas or processes. Also, this research did not analyze the potential economic and social cost-benefits of the project, and they must be included in the balance. Nevertheless, it establishes a path for further particular studies. These additional studies should help to assess the overall results of the ecosystem service changes presented here. Increasing the presence of conservation tools—some of which are already established—should reduce proximal impacts. Still, accountability must be reinforced by connecting federal and local laws and having an independent technical committee monitoring every action in the region, including the effectiveness of compensation measures.
Despite their environmental implications, distal impacts are often excluded. This exclusion could be related to the difficulty of environmental evaluation. Proximal and distal impacts depend on the historical and geographic context and the vegetation type and land-use changes for different economic activities generated at various time scales. In this case, the impact on wetlands was minor compared to tropical rainforests. However, this may change with the type of project and its effects on ecosystem services. Furthermore, there is a crucial cost-benefit balance regarding the convenience of initiating a megaproject (Labarraque et al., 2015). This analysis should involve a comprehensive evaluation in which the economic benefits and the projected development of the region are weighed against the proximal and distal impacts on ecosystem services. In this case, where the project is already implemented, a series of conservation programs (such as the increment of protected areas and restoration programs), should be coordinated along the whole peninsula to amplify the economic benefits to the local people and reduce the impact on ecosystem services. A collaborative effort among stakeholders (government entities, local communities, and academia) is imperative to implement and constantly evaluate these programs in the next decades. These actions should begin with workshops based on the needs and goals of local communities in order to improve quality of life, preserving the ecosystem services. This broader perspective is vital for rethinking regional development in the face of a worsening environmental crisis. Other development paths are needed where ecosystem services must be predominant to improve regional resilience capacities.
5 CONCLUSION
Our study supports the hypothesis that Tren Maya’s effects, particularly its distal impacts, have far-reaching consequences beyond the construction zone. These effects vary depending on the vegetation type and ecosystem service. Under a sustainable development view, projects must account for the local environmental impacts and the broader habitat quality across regions, preserving the ecosystem services vital to biodiversity and human wellbeing. To reduce the impact in the short term, it is necessary to match environmental protection tools with ecosystem dynamics. In the long term, it is essential to reevaluate this type of megaprojects for sustainable development, considering how the ecosystem services are reduced and the actions to compensate for them.
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