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Introduction: Tropical mountain rain forests (TMRF, natural forests at > 300 m asl) are globally important for biodiversity and ecosystem services and are believed to be highly vulnerable to climate change. But there are no specific approaches for rigorous assessment of their vulnerability at the landscape and local scales necessary for management for adaptation. We address the challenge of evaluating the ecological sensitivity to temperature of TMRF, applying a multidimensional approach in protected areas over a 440–2,950 m asl altitudinal gradient in Costa Rica, synthesizing results of a long-term research programme (2012-present). We evaluate the sensitivity to the current spatial temperature gradient of eleven ecosystem properties in three categories: forest composition and diversity, thermal characteristics of forest stands and forest structure and dynamics.

Methods: Data are from 29 to 32 plots of 50 m x 50 m (0.25 ha) distributed over the gradient, in which all trees, palms and tree ferns ≥ 10 dbh are identified to species and measured for recruitment, growth and mortality. An experimental study of leaf litter decomposition rates was carried out in twelve plots. Current and future (SSP 585, 2070) values of mean annual temperatures MAT were obtained from online climate surfaces. Thermal characteristics of forest stands were determined using MATs of species occurrences in GBIF and include a new index, the Community Thermal Capital Index (CTCI), calculated as CTI-MAT.

Results: We classified degrees of sensitivity to temperature as very weak, weak, moderate or substantial. All eleven ecosystem properties are substantially sensitive, so changes in their values are expected under rising temperatures. Species density, the community temperature index CTI, tree recruitment and mortality rates and leaf litter decomposition rates are positively related to temperature, while the community weighted mean thermal niche breadth, the CTCI, net basal area increments, stand basal area and carbon in aboveground biomass are negatively related. Results point to zones of vulnerability in the protected areas.

Discussion: In montane forests, positive values of the CTCI–climate credit– robust basal area growth and very low mortality and leaf litter decomposition rates suggest healthy ecosystems and no risk of mountaintop extinction. Lowland forests may be vulnerable to degradation and biotic attrition, showing current basal area loss, high mortality and climate debts. National and local actors are participating in a process of adoption of the sensitivity analysis and recommendations regarding zones of vulnerability.
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1 Introduction

Mountains cover 25% of the Earth’s surface and provide drinking water to 50% of humanity; they harbor 85% of the planet’s species of amphibians, birds, and mammals (Körner, 2007; Rahbek et al., 2019). Tropical mountain rain forests (TMRF: natural forests at > 300 m asl) are a major component of this biodiversity and the benefits it provides to people (Malhi et al., 2010). They are also considered to be highly vulnerable to degradation by climate change (Colwell et al., 2008; Pérez et al., 2016; Parmesan et al., 2022). The Intergovernmental Panel on Climate Change (IPCC) currently defines vulnerability as the propensity or predisposition to be negatively affected, adding that vulnerability comprises a variety of concepts and elements that include the sensitivity or susceptibility to harm of a socioecological system (Marshall et al., 2010). This approach to vulnerability analysis, thanks to its ease of empirical quantification, continues to be widely used (Gaughan et al., 2019; Ishtiaque et al., 2022) and is the approach we adopt in the present paper (Figure 1A).
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FIGURE 1
(A) Operative framework for climate change vulnerability analysis (Marshall et al., 2010); (B) ecosystem properties of tropical mountain rain forests proposed for the evaluation of the sensitivity component of the operative framework (this paper).


In relation to TMRF, we consider that the most challenging component of CCVA is the evaluation of the sensitivity of the rain forest ecosystem. Marshall et al. (2010) define sensitivity as the degree to which a system is affected, either adversely or beneficially, by climate-related stimuli. That temperature is one of the most important factors in the control of ecosystem properties and processes in TMRF is a long-established general principle (Grubb, 1977; Malhi et al., 2010): TMRF are therefore sensitive to temperature by this definition. But the multidimensional nature of ecosystems must be recognized in sensitivity evaluations for CCVA. Researchers and practitioners therefore need a tested and validated multi-dimensional set of ecosystem properties for an integrated evaluation of ecosystem sensitivity. Testing and validation require research-based understanding of the predicted sensitivity of these properties to the main climate-related stimuli. The management plans of the protected areas in our research area are among the initiatives that reflect this need, identifying the strategic goal of managing biodiversity through an ecosystem approach based on scientific and technical foundations (Sistema Nacional de Áreas de Conservación [SINAC], 2014, 2016a,b). But what are the specific ecosystem properties that will be measured to define these foundations?

To contribute to the development of approaches for CCVA of tropical mountain rain forests, in this paper we evaluate the sensitivity to the current spatial temperature gradient of eleven ecosystem properties we consider to be potentially valuable for sensitivity analysis in the context of CCVA (Figure 1B). We focus on the landscape and local scales. All these ecosystem properties, with one exception, can be measured using tree data (species, diameter at breast height) from standard permanent sample plots, combined with easily accessed data from online platforms that permit the characterization of the thermal characteristics of species and stands. The exception, leaf litter decomposition rates, can be measured using additional well-tested and low-cost field techniques and basic laboratory facilities. High sensitivity to spatial temperature gradients may mean high vulnerability to rising temperatures, depending on the degree of exposure to climate change and the social and institutional adaptive capacity to manage for adaptation (Bouroncle et al., 2017; Figure 1A). We carry out our evaluation using data from a long-term research programme in protected areas on an altitudinal gradient in Costa Rica. The evaluation is partly based on the results of published research by our programme, and partly on the testing of new hypotheses, published here for the first time.

Following Malhi et al. (2010) the research in our long-term programme is designed to detect the effects of spatial and temporal temperature gradients on the properties of rain forest ecosystems. In the context of CCVA, the exposure to rising temperatures of our altitudinal gradient is high: first, using five general circulation models and four then-current IPCC emissions scenarios, Nogués-Bravo et al. (2007) modeled rises of mean annual temperature for tropical American mountains in the range 1.8–2.7°C for 2055 and 2.4–4.6°C for 2085. Second, our programme used a spatially downscaled climate change model to determine that our altitudinal gradient is highly exposed to climate change for the period 2012–2080, in terms of ten temperature variables (Delgado et al., 2016). This focus on temperature is possible, and necessary, because the ecosystems are not currently subject to periodic or annual water deficit, and climate change is not expected to lead to water deficits in the future (Imbach et al., 2018).

The first two ecosystem properties we evaluate are ecosystem species composition and plot-level species density (Figure 1B). Besides being fundamentally important ecosystem properties in themselves, both these components of plant biodiversity are correlated at different scales with the magnitude of ecosystem processes such as primary production (Harrison et al., 2006; Poorter et al., 2015), and ecosystem stability in the face of climate variability (Oliveira et al., 2021). The evaluation of these two properties contributes to the conservation of the main forest ecosystems of the protected areas, identified as focal management elements in the current management plans (Sistema Nacional de Áreas de Conservación [SINAC], 2014, 2016a,b).

Previous work in Central American TMRF has evaluated the regional-scale ecological sensitivity of forest composition indirectly, using broadly defined natural ecosystem types. Fung et al. (2017) modeled the potential distributions of Costa Rican phytogeographic units, which are delimited using bioclimatic and biogeographic criteria (Zamora, 2008), for the 2041–2060 period under RCP 4.5. Their models suggested a significant reduction of the extent of the Talamanca Cordillera rain forest phytogeographic unit of which our research area is part, showing how the inherent temperature sensitivity of the vegetation gives rise to changes in ecosystem distributions under climate change. Phytogeographic units and the modeling of potential vegetation, however, are most relevant to national-scale priority-setting for conservation, such as the gap analysis carried out by Zamora (2008). The scale of phytogeographic units is too coarse as a basis for management for adaptation. This is because first, foreseeable management interventions will be made at the landscape scale, for example to maintain or restore connectivity, or at the scale of the stand and the individual, to assist species migrations; and second, because as we will see, phytogeographic units show considerable internal heterogeneity of ecosystem structure, composition and process rates, meaning that interventions will have to be designed and implemented with a fine-grained approach.

The main question of our paper is, how sensitive to the current spatial temperature gradient are the principal ecosystem properties of these tropical mountain rain forests? We assign each ecosystem property to one of three categories.

Landscape-scale variation of forest stand species composition is the first ecosystem property we evaluate (Table 1). Temperature-sensitive variation of forest stand species composition is expected to be accompanied by variation of stand-scale species diversity, which is the second ecosystem property we evaluate. Although the sensitivity of species diversity to temperature should be considered indirect, as in general it responds to energy availability and ecosystem productivity (Rahbek et al., 2019), it is a meaningful ecosystem property for many actors, is a globally outstanding characteristic of the TMRF biome (Rahbek et al., 2019) and is relatively easy to measure in forest plots. The sensitivity of species diversity metrics to climate gradients is very well-documented. Species richness declines on altitudinal gradients (Rahbek, 1995; Lieberman et al., 1996; Girardin et al., 2014), so it is predicted to increase under rising temperatures. Upslope species range shifts on mountains have been demonstrated frequently (e.g., Freeman et al., 2018) and as a consequence, plant species richness is increasing at an accelerating rate on European mountain summits in response to warming, due to migration and with a probably low degree of migration lag (Steinbauer et al., 2018). On the other hand, the local extinction of species of montane ecosystems has been identified as a particular threat to TMRF and may be associated with declines of species richness (Colwell et al., 2008; Mata-Guel et al., 2023). If montane species become locally extinct, species diversity would decline unless upward range shifts of species adapted to higher temperatures occur. For Costa Rica’s Central Volcanic Cordillera, Colwell et al. (2008) found little evidence for such mountaintop extinctions. Rather, they emphasized that future temperatures in the tropical lowlands may be beyond the current tolerances of any lowland species. This scenario raises the possibility of lowland biotic attrition, conceived by Colwell et al. (2008) as a net loss of species richness in the tropical lowlands due to intolerable temperature increases: local extinctions and upslope range shifts.


TABLE 1    Forest ecosystem properties used in the evaluation of ecological sensitivity to the spatial temperature gradient of mature tropical mountain rain forests in protected areas of the Talamanca Cordillera, Costa Rica.
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Recent advances in the availability of global-scale climate surfaces and georeferenced species presence data permit the extension of trait-based ecology (Díaz and Cabido, 2001; Reich, 2014) to the approximation of thermal niche traits of tree species and the thermal characteristics of forest stands (Fadrique et al., 2018; Cuesta et al., 2020). The evaluation of species and communities by thermal niche traits – which are response traits in the terminology of Díaz and Cabido (2001) - offers more direct evaluations of sensitivity to temperature than do species-based descriptors of forest diversity (Fadrique et al., 2018; Cuesta et al., 2020).

Here, then, we evaluate the temperature sensitivity of three thermal characteristics of the tree species and forest stands in our research area, each of which is obtained at the level of the individual permanent plot. The first of these is the community temperature index CTI, a potentially valuable indicator of the effects of rising temperatures (Fadrique et al., 2018; Figure 1B; Table 1). We predicted a positive relationship between this index and temperature. We propose a new index, the community temperature capital index CTCI, as CTI-MAT, and determine its relationship to altitude. Negative differences between CTI and mean annual temperature suggest a climate debt exists, which would be evidence of a mismatch between the thermal adaptation of a community and the prevailing temperature regime (Richard et al., 2021). However, the difference between CTI and current MAT may be positive. Positive values of this community thermal characteristic suggest that a forest stand may be adapted to a certain magnitude of temperature increase – in other words, it is in a state of climate credit. The use of the word capital in the name of the index accounts for either state, climate debt or climate credit. Finally, we calculate the community weighted mean (CWM) thermal niche breadth for each sample plot and determine its relationship to mean annual temperature. This index permits an indirect test of the climate variability hypothesis, that lowland locations with reduced seasonal temperature variation select for species with narrower thermal ranges (Stevens, 1992; Cuesta et al., 2020) than montane areas with wider ranges of temperature variation, as found by Klipel et al. (2022) for the Brazilian Atlantic Forest biome. We therefore hypothesize that CWM thermal niche breadth has a negative relationship to temperature, so that the mean thermal niche breadth should decrease with increasing mean annual temperature.

These hypothesis tests on thermal characteristics of tree species and forest stands are published here for the first time for our landscape.

Temperature effects on forest stand dynamics are a key component of our approach to sensitivity analysis. Forest stand dynamics - rates of tree recruitment, stand growth, for example in terms of gross and net basal area increments, and tree mortality - are a fundamentally important ecosystem property (Malhi et al., 2015). Critically, forest stand dynamics and key components of the carbon cycle are strongly dependent on climate variability, independently of forest taxonomic composition. Annual aboveground productivity of lowland rain forests, for example, varies in relation to interannual variation in nighttime temperatures and rainfall patterns; medium-term reductions of productivity may occur, with potential effects on the global carbon budget if they were to become long-term under climate change (Clark et al., 2010, 2015; Sullivan et al., 2020).

We evaluate the temperature sensitivity of TMRF in terms of six forest structure and dynamics ecosystem properties (Table 1; Figure 1B): forest stand net basal area increment, forest stand basal area, tree recruitment and mortality rates using published results of Muñoz Mazón et al. (2020) and Hernández Gordillo et al. (2021), carbon in above ground biomass, using a new analysis, and leaf litter decomposition rates, a key process of the carbon cycle, highly sensitive to temperature and rainfall gradients in the tropics (Powers et al., 2009). We evaluate the temperature sensitivity of leaf litter decomposition rates on our gradient using experimental results published by Esquivel et al. (2019).

Species migration is a critically important process in the adaptation of ecosystems to climate change (Arneth et al., 2020; Richard et al., 2021). Migration is only a component of sensitivity as we have defined it in this paper, however, if seed production and dispersal, seedling establishment and generation time (Engler and Guisan, 2009) change in response to spatial and temporal temperature gradients. Because of lack of data, at this point in time we can only assume that this is not the case; however, we strongly believe that for the purposes of CCVA, the sensitivity of an ecosystem property must be weighted according to whether changes in its values depend on migration or not (Table 1). This point is evaluated in our discussion.

Finally, given the high exposure of the TMRF of our gradient to rising temperatures, what are the implications of the sensitivity of the eleven ecosystem properties for adaptation of these mature forests to climate change during the 21st century? This final question is one of the main subjects of our discussion.



2 Materials and methods


2.1 Study area and sampling

This research programme is being carried out in Costa Rica, in state-owned and private protected areas on the Caribbean slope of the Talamanca Cordillera (Figure 2), part of the Mesoamerican biodiversity hotspot, megadiverse for plant species (Rahbek et al., 2019) and one of the Five Great Forests prioritized by international conservation organizations in Mesoamerica.1 Studies of the Quaternary history of Costa Rican forest ecosystems establish the overall sensitivity of the forests of these protected areas to climate change, as well as their capacity to adapt to climate change, at least in the long-term context of the Holocene (Islebe and Hooghiemstra, 1997; Anchukaitis and Horn, 2005; Wu et al., 2019). The regional, millennial-scale climatic processes of the Holocene and the high topographical heterogeneity of the Talamanca mountains have undoubtedly contributed to their high biological diversity (Trew and Maclean, 2021).
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FIGURE 2
Map of our study area on the eastern slope of the Talamanca Cordillera, Costa Rica (red outline). Blue triangles show the locations of permanent sample plots. State protected areas shown are Barbilla National Park [light green outline, northeast of the study area; altitudinal range of plots 440–620 m asl, mean annual temperature range (Chelsa) 23.9–23.2°C]; Tapantí-Macizo de la Muerte National Park (yellow outline, altitudinal range of plots 1,400–2,600 m asl, mean annual temperature range 18.4–13.6°C); and Rio Macho Forest Reserve (pink outline). Plots in the altitudinal range 1,000–1,120 m asl (black oval, temperature range 20.9–19.9°C) are in private protected areas.


The protected areas are located on a 430 m to 2,950 m asl altitudinal gradient, and climatic and biophysical detail are presented in Veintimilla et al. (2019). The main Holdridge life zones in the study area are tropical wet forest, premontane rain forest, lower montane rain forest and montane rain forest (Holdridge, 1967). WorldClim data for the pixels in which our plots are located indicate that current mean annual temperatures on the gradient range from 24.3°C at 440 m asl to 10°C at 2,950 m asl. Annual rainfall, also from WorldClim data, ranges from 2000 mm at 2,950 m asl to around 4,000 mm at 1,200 m asl. Water is not limiting at any point on this altitudinal gradient, allowing us to focus on ecological sensitivity to temperature (cf. Malhi et al., 2010) and rainfall is expected to increase during the present century (Delgado et al., 2016). In the lowest and premontane zones, soils are predominantly Ultisols belonging to the suborder Humult, and Inceptisols belonging to the suborders Tropept, Aquept and Andept. At 0–30 cm depth, these soils are acid over the whole gradient (pH 4–5), dominated by clays in the tropical wet forest life zone and predominantly sandy over the rest of the gradient, with high carbon-nitrogen ratios at altitudes > 2,000 m asl and cation exchange capacity strongly negatively related to altitude (Veintimilla et al., 2019).

The state-owned protected areas are Barbilla National Park, Tapantí-Macizo de la Muerte National Park and the Rio Macho Forest Reserve (Figure 2). Together, these protect 93,000 ha of mainly mature TMRF. These protected areas are part of the Amistad Biosphere Reserve, a vast and internationally important conservation area.2 Tapantí-Macizo de la Muerte conserves paramo and peatlands as well as TMRF. Management plans from the years 2014 and 2016 are focused on general objectives including the conservation of ecosystems and the goods and services they provide, with emphasis on water resources, as well as the maintenance of connectivity with other protected areas including territories and sites vital to the Cabecar ethnicity. The first private protected area is El Copal, which is run by a local organization and comprises 177 ha of mature TMRF as well as other ecosystems.3 The other is Quijote, a 700 ha private farm.4

A total of 32 permanent sample plots (PPs) each with an area of 0.25 ha (50 m × 50 m) and distanced from each other by a minimum of 300 m, were installed in 2012. Plots were set up in homogeneous areas of primary forests located on hillsides without evidence of recent human intervention. Plots were positioned by walking a transect from the access point in such areas until a site meeting the following criteria was reached: we avoided recent large tree fall gaps and steep slopes, to reduce possible slope effects on the testing of our main hypotheses: median slope of plots measured with a clinometer was 25°, with a minimum of 15°and a maximum of 36°.

Of the original set of 32 PPs, ten were in the Tropical Wet Forest Life Zone, four in the Premontane Rain Forest life zone, seven in the Lower Montane Rain Forest life zone and twelve in the montane rain forest life zone. For the final set of 29 PPs, these numbers were reduced to eight, four, six, and twelve, respectively, for logistical reasons.

The original set of 32 plots was measured in 2012 (Veintimilla et al., 2019) and the 29 plots of the final set were subsequently measured five times over a 7-year period, 2012–2019 (Hernández Gordillo et al., 2021). We measured stem diameter of all trees, palms, and tree ferns ≥ 10 cm diameter using a metal tape. Stem diameters were measured at breast height (dbh, 1.3 m) or 20 cm above buttresses or deformations. Of the total of 4,008 trees evaluated at least once over the 7 years, 82 (2.04%) had two or three stems ≥ 10 cm dbh. These multiple-stemmed trees were treated as single individuals for calculations of all response variables.

Data for all trees, palms, and tree ferns, ≥ 10 cm diameter at breast height (DBH, 1.3 m) are analyzed in the present paper. Full botanical identification is maintained under the supervision of Zamora and we review species names on the TNRS portal (Taxonomic Name Resolution Service), available at: http://tnrs.iplantcollaborative.org, and taxonomy at the family level following the APG classification system IV, available on the Missouri Botanical Garden portal: https://www.missouribotanicalgarden.org (APG, 2016).



2.2 Ecological sensitivity to temperature: response variables and statistical analysis

We evaluated the sensitivity to the spatial temperature gradient of eleven ecosystem properties as outlined in our introduction (Table 1). Forest species composition and alpha diversity were evaluated for the year 2012 using Veintimilla et al. (2019; n = 32 PPs), and one new analysis was carried out using the most recent measurement of the plots (n = 29 PPs). Veintimilla et al. (2019) used a Non-Metric Multidimensional Scaling (NMS) ordination to describe patterns of floristic composition on the gradient and variation partitioning (VARPART) to determine the compositional variation explained by altitude, soil, and spatial variables quantified using Principal Components of Neighbor matrices. They used linear regressions to explore the relationship between four alpha diversity metrics and altitude. In this paper, we used linear regression to determine the relationship of species density in 2019 to mean annual temperature obtained from CHELSA climate surfaces as described below.

We carried out new analyses of the relationship of the thermal characteristics of forest stands to CHELSA mean annual temperatures (MAT) using linear regression. Thermal characteristics were measured using the following procedures

We first obtained all records of occurrences of each of 410 species recorded in our plots in the GBIF (Global Biodiversity Information Facility) data portal, together with the annual mean temperature (MAT; C°) in CHELSA-Bio1 (Karger et al., 2017)5 corresponding to each GBIF record. Only records from Central America were used, including Panama and the state of Chiapas in southern Mexico6 (data were downloaded on December 19, 2019).7 The geographic information was downloaded through the GBIF function of the ‘Rgbif’ library in R Chamberlain and Boettiger (2017). The data were checked and filtered, eliminating duplicate occurrences, georeferencing and/or projection errors and points in anomalous areas such as bodies of water. Subsequently, the species occurrence data from the GBIF was superimposed on the CHELSA mean annual temperature (MAT) raster layer, which has a resolution of 30-arccosine (equivalent to approximately 1 km2 on the Equator) (Karger et al., 2017) and the MAT corresponding to each species occurrence obtained.

We obtained the thermal niche breadth of each species as the difference between the minimum and the maximum MAT recorded for it, after excluding extreme climate values by taking only the central 95% quantile of the data for each species, therefore reducing the influence of outliers and georeferencing errors on the results (Fadrique et al., 2018). Then, we calculated the community weighted mean thermal niche breadth of dominant species for each plot, using basal area as the weighting variable. In line with principles of forest functional ecology, dominant tree species were defined as the species that make up at least 80% of the total basal area in the plot (Finegan et al., 2015; Hernández Gordillo et al., 2021). Where one species made up 80% of stand basal area, always Quercus sapotifolia in montane forest plots, the CWM was set as the thermal niche breadth of this species. We tested the hypothesis that mean thermal niche breadth increases with decreasing temperature using linear regression.

We calculated the forest stand community temperature index for each permanent sample plot using the procedures described in Fadrique et al. (2018), as follows.

First, the thermal optima of each of the 410 species (TO; C°) identified in the plots were obtained as the mean value of the MATs where each species is recorded in the GBIF. For the calculation of TOs, we again excluded extreme climate values as described for the community weighted thermal niche breadth. The TO of each species was calculated as the mean MAT for those species with n > 10 occurrences. For individuals identified at the genus level the MAT values of all occurrences at the genus level were used. Finally, the basal-area weighted community temperature index (CTI; C°) was calculated for each plot from the following formula:
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Where n is the number of species in the plot, TOi is the thermal optimum of species i, and BAi and BAplot are the basal area (m2) of species i and of the plot, respectively.

We based the calculation of a Community Thermal Capital Index (CTCI, oC) on the concept of climate debt (Steinbauer et al., 2018; Richard et al., 2021). A climate debt accumulates when the rate of change of community composition is slower than that of climate (Richard et al., 2021). We calculated the CTCI for each plot as the difference between CTI and current CHELSA MAT. Negative values of the CTCI suggest a climate debt, but positive values occur and suggest a forest stand resistant to a degree of temperature increase. We determined the relationship of the CTCI to MAT using linear regression.

We determined the temperature sensitivity of forest structural variables first, by evaluating the results of Muñoz Mazón et al. (2020) regarding the relationship between plot basal area ha–1 ≥ 10 cm dbh and altitude, determined by them using linear regression. The relationships to altitude of net increments of basal area, in m2 ha–1 yr–1, and annual rates of recruitment and mortality of individuals ≥ 10 cm dbh, were determined by Hernández Gordillo et al. (2021) with generalized additive models (GAMs) using the “gam” function of the “mgcv” library in R. To select the best GAMs, they evaluated models with > 4 effective degrees of freedom, as well as smoothed graphs.

We present a new analysis of the relationship of carbon in above ground biomass to CHELSA MAT. Above ground biomass was estimated for each permanent sample plot using a set of four equations (Table 2). Díaz Santos (2017) found that four equations were necessary because the allometric relationships used for estimating tree above ground biomass differ among forest types (Chave et al., 2005; Álvarez et al., 2012), because AGB of very large trees may be best estimated with specific equations (Álvarez et al., 2012), and because specific equations are required for palms (Goodman et al., 2013), which are abundant in the forests of our landscape up to approximately 1,000 m asl (Veintimilla et al., 2019). Carbon was obtained from estimated biomass assuming the ratio 1:0.5, biomass:carbon (Saatchi et al., 2011).


TABLE 2    Equations used for estimation of above ground biomass (AGB).
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Finally, Esquivel et al. (2019) used the following procedures in their translocation study of leaf litter decomposition rates, comparing rates across four of the Holdridge life zones. A fully replicated experiment was implemented, placing plastic mesh litter bags in field plots in in each of three of the PPs in each of the lowland wet forest, the premontane rain forest, the lower montane rain forest and the montane rain forest. Leaf litter decomposition rates (k) of ten tree species, two dominant species from each life zone, plus two standard species, were calculated over 540 days. % dry matter remaining DM was ArcSin square root transformed to meet normality and homoscedasticity criteria for the comparison of main factors and their interaction using ANOVA. They used general linear mixed models for analysis (GLMM) to take into consideration the autocorrelation in repeated measures over time and the hierarchy of the plot structure, as well as the remaining heteroscedasticity. They set life zone, species, time, and their interactions as fixed factors. Main plots, decomposition beds within them, and rows of litterbags within decomposition beds were all set as random factors. They estimated litter decomposition rate coefficients (k) using a simple negative exponential model. They used single exponential models because of their superior fit to the data in the great majority of cases. The 240 k values describing the decay rates of treatments were compared using GLMM ANOVA as described for DM. All their analysis was carried out using InfoStat 2016 software (Di Rienzo et al., 2016).


2.2.1 Classification of the degree of sensitivity to temperature of the eleven ecosystem properties

We believe that the consistent use of simple adjectives, instead of statistical parameters of relationships, to describe the degree of sensitivity to climate is important for communication, especially in the case of non-specialists. We therefore adapted the framework of Cohen (1988), which was established for use with the results of linear regression analysis, for the results of all our statistical procedures. The coefficients of determination (R2) from all our hypothesis tests were therefore classified as follows: very weak (R2< 0.02), weak (0.02 < = R2< 0.13), moderate (0.13 < = R2< 0.26) or substantial (R2> 0.26). We then used these adjectives to classify the degree of sensitivity of the ecosystem property concerned – for example, a property whose relationship to altitude a.s.l. has R2 = 0.1 is weakly sensitive to temperature, while a property with R2 = 0.6 has substantial sensitivity to temperature.




2.3 Exposure to warming

We characterized exposure to rising temperatures in the framework of IPCC’s Shared Socio-Economic Pathway (SSP) 585 for the year 2070. SSP 585 features very high levels of fossil fuel use, up to a doubling of global food demand, and as much as a tripling of energy demand and emissions of greenhouse gases (Kriegler et al., 2017). We downloaded modeled mean annual temperature values for this scenario and year from WorldClim 2 (24 general circulation models), for the pixels in which our permanent plots are located (Supplementary Table 1). As the potential future MATs vary among models, we calculated a mean MAT per pixel from the 24 values, and then calculated a MAT increase per pixel as the difference between mean future MAT and current MAT. Mean values of increases per Holdridge Life Zone were then calculated.




3 Results


3.1 Sensitivity of forest composition and diversity to the spatial temperature gradient

Veintimilla et al. (2019) showed that 43% of the variability of the taxonomic composition of the stand ≥ 10 dbh can be explained in terms of mean annual temperature, soil and spatial variables. They found that altitude, a surrogate for temperature, was the most important individual variable and its individual effect, after removing the effects of the other variables, was very highly significant. For the present paper, we add the conclusion that forest species composition has substantial sensitivity to temperature.

Species density in 0.25 ha was very strongly positively related to MAT (simple linear regression, R2 = 0.94, p < 0.0001, Figure 3A) so its sensitivity to temperature is substantial. The regression coefficient was 4.23, suggesting a rate of increase of ca. four species oC–1 MAT. Despite declining stand basal area in lowland plots (see below), species density did not change between 2012 and 2019 (Hernández Gordillo, 2020, see Supplementary material).
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FIGURE 3
The relationship to mean annual temperature (from Chelsa climate surfaces) of (A), species density per plot in 2019 (R2 = 0.94, p < 0.0001), (B), the community weighted mean thermal niche breadth (R2adj = 0.73, p < 0.0001 and p = 0.0017 for the quadratic term) (C), the community temperature index (R2 = 0.83, p < 0.0001) and (D), the community thermal capital index (R2 = 0.60, p < 0.0001). Symbols for Holdridge Life Zones: black, tropical wet forest; dark gray, premontane rain forest; light gray, lower montane rain forest; white, montane rain forest. Upper and lower curves are 95% confidence intervals.




3.2 Sensitivity of thermal characteristics of forest stands

Values of CWM thermal niche breadth were in the overall range 5.92–13.2°C. The relationship of CWM niche breadth to mean annual temperature was best described by a quadratic linear regression (R2adj = 0.73, p < 0.0001 and p = 0.0017 for the quadratic term) and is therefore classified as substantial. CWM niche breadth was lowest in the tropical Wet Forest plots, rising strongly as temperatures decrease in the premontane and lower montane life zones (Figure 3B). Between 17–18°C and 10–12°C MAT in the lower montane and montane forests, respectively (an altitudinal range of 1,500–2,950 m asl), there was no obvious trend of CWM thermal niche breadth.

The community temperature index CTI was very strongly positively related to temperature (simple linear regression, R2 = 0.83, p < 0.0001, Figure 3C). The regression coefficient was 0.64, suggesting a rate of increase of the CTI of 0.64°C °C–1 MAT. This result suggests that the sensitivity of the CTI to temperature is substantial, though forest stand thermophilisation rate 2012–2019 was not related to temperature (Hernández Gordillo, 2020, see Supplementary material).

The community thermal capital index CTCI showed a strong negative relationship to mean annual temperature (R2 = 0.60, p < 0.0001, Figure 3D). Values were negative in the lowland tropical wet forest, suggesting an already existing climate debt and risk of biotic attrition, and positive in all montane forest plots, suggesting that the montane forest ecosystem may be adapted to 2–3 oC increases of MAT and that there is little evidence of threat of mountaintop extinctions. The sensitivity of the CTCI to the spatial temperature gradient is also substantial.



3.3 Sensitivity of forest structural characteristics and dynamic processes

Regarding stand dynamic processes, Hernández Gordillo et al. (2021) found that in line with their hypotheses, mortality and recruitment rates of individuals ≥ 10 cm dbh for the 2012–2019 period were both positively related to temperature, leveraged principally by low or very low values in montane forests. The R2 values for their generalized additive models suggest that sensitivity to temperature of mortality and recruitment rates is again, substantial.

Hernández Gordillo et al. (2021) found that net basal area increments for 2012–2019 are also negatively related to temperature. Net basal area growth was strongly positive in many montane and lower montane forest plots but negative in all the tropical wet forest plots, possibly due to lightning strikes on canopy trees which are frequent in permanent sample plots and in the surrounding forest. In this case, sensitivity to temperature remains to be confirmed. Estimated carbon in above ground biomass (R2 = 0.62, p < 0.0001, Figure 4) and stand basal area (Muñoz Mazón et al., 2020) showed negative relationships to temperature, both ecosystem properties showing very high values in montane forests and substantial sensitivity to the spatial temperature gradient.


[image: image]

FIGURE 4
The relationship to mean annual temperature of carbon in above-ground biomass (R2 = 0.52, p < 0.0001). Symbols as in Figure 3.


As expected, leaf litter decomposition rates on our altitudinal gradient are also substantially sensitive to temperature. Esquivel et al. (2019) found that annual decomposition rates (k) increased fourfold between plots in montane forest with mean annual temperature = 11°C and plots in lowland wet forest where mean annual temperatures are = 24°C. Interestingly, k values in their study did not differ between the tropical wet forest and the premontane rain forest life zones.



3.4 Exposure to warming

Under SSP 585, modeled increases of mean annual temperatures for the pixels in which our permanent plots are in the range 2.79–3.22°C (Supplementary Table 2), with an overall mean of 2.97°C (Supplementary Table 2).




4 Discussion


4.1 Overview

The evaluation of ecosystem sensitivity is one of the most challenging aspects of climate change vulnerability analysis for tropical mountain rain forests, so it is necessary to identify and validate a set of ecosystem properties that adequately represent the characteristics and processes of these ecosystems. We are not aware of any studies that have addressed this need with the goal of formulating recommendations for decision-makers and practitioners challenged by the management of tropical mountain rain forest landscapes under rising temperatures.

To contribute to building an approach to sensitivity analysis for tropical montane rain forests, we examined the responses of eleven forest ecosystem properties to the spatial gradient of mean annual temperature (altitudinal range 440–2,950 m asl, WorldClim mean annual temperature range, 24.3–10.0°C) in protected forests of Costa Rica’s Talamanca Cordillera. Data are for the 2012–2019 period from permanent sample plots and a field experiment on decomposition rates. We proposed a new index, the community temperature capital index CTCI, that recognizes the existence of climate credits as well as climate debts. Also, we translated the statistical significance of results into language appropriate for non-specialists using simple adjectives.

Applying these adjectives, all eleven ecosystem properties are substantially sensitive to the current spatial temperature gradient of our study area (Table 3). Forest stand species composition is substantially sensitive to temperature. Five of the properties are strongly positively related to temperature: the community temperature index CTI, species density per plot, tree recruitment rates, tree mortality rates and leaf litter decomposition rates. Five of the ecosystem properties are negatively related to temperature and have their highest values in lower montane and montane forests: the community weighted mean thermal niche breadth, stand basal area, stand above ground carbon, net basal area increments and the Community Thermal Capital Index CTCI. Negative values of the CTCI – a climate debt - already exist in the current tropical wet forest and premontane rain forest life zones. Conversely, montane forests have climate credit: positive values of the CTCI due to the broad thermal niches of their dominant species. We now discuss these results and their implications for climate change vulnerability analysis and landscape management for adaptation.


TABLE 3    Summary of results of the evaluation of sensitivity of ecosystem properties to the spatial temperature gradient, with forecast of their potential response to a 3°C temperature rise occurring by the year 2070 under SSP585, and the threats associated with a lack of adaptation.
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4.2 Species composition, the community temperature index and species density

The altitudinal zonation of species composition in TMRF has long been recognized. The zonation in our research area responds not only to temperature (represented by its surrogate altitude in the analysis by Veintimilla et al., 2019), however, but also to soil conditions and spatial factors, and < 10% of the compositional variation explained in multivariate analysis can be directly attributed to temperature. This result does not mean sensitivity to temperature is low but is a consequence of analyzing a data matrix containing hundreds of species, many with low abundances and all with individualistic responses to environmental gradients (Veintimilla et al., 2019). Therefore, we conclude that forest species composition is substantially sensitive to temperature but believe that analysis and management based on the thermal characteristics of communities, like the community temperature index CTI, rather than their species composition, has many conceptual and practical advantages.

Indeed, the CTI is one of the ecosystem properties most sensitive to temperature on our altitudinal gradient (Table 3). The very strong relationship of CTI to MAT supports the view that temperature is a major control of forest composition (Feeley et al., 2013; Fadrique et al., 2018). The substantial sensitivity to temperature is matched by that of species density, and it is likely that the values of these properties are interdependent. The relationship of CTI to temperature occurs due to species turnover (Fadrique et al., 2018). Hundreds of species are adapted to the high temperatures of the Tropical Wet Forest and Premontane Rain Forest on our gradient, while the number of species adapted to low temperatures in the Lower Montane and Montane zones is small. Species density and CTI therefore show the same strong relationships to temperature. Increases of the CTI (thermophilisation, see below) are accompanied by increases of species diversity in European mountain ecosystems (Steinbauer et al., 2018). In such plot are predicted to have temperature optima that match the temperature increase, although migration lag may slow down these responses (Jackson and Sax, 2010).

The CTI offers practical evaluation of ecosystem temperature sensitivity, as well as monitoring of temporal change in composition due to rising temperatures. Considerable attention has been given in recent years to the possibility that the CTI is increasing over time in tropical mountain forest ecosystems. This phenomenon is known as thermophilisation and has been observed in Andean and Costa Rican TMRF (Feeley et al., 2013; Fadrique et al., 2018). If thermophilisation can be rigorously demonstrated, then natural adaptation to rising temperatures may be taking place; the effectiveness of natural adaptation can be evaluated by the comparison of thermophilisation rates with the velocity of temperature increase (Richard et al., 2021). Using statistical thresholds, however, we did not find unequivocal evidence for thermophilisation in our permanent plots for the 2012–2019 period (Hernández Gordillo, 2020, see Supplementary material). We also believe more work is required on potential changes of forest thermal characteristics under climate change. Is thermophilisation to be expected in montane forests with broad CWM temperature niches that confer a state of climate credit, for example?

The robustness of the linear relationships of CTI and species density to the long spatial temperature gradient of our study area suggest tentative quantitative expectations of changes in the values of these properties based on the regression coefficients (Table 3; for the CTI, see also Fadrique et al., 2018). A 2.97°C increase in mean annual temperature for the year 2070 represents an approximately 600 m upslope shift of isotherms. For this temperature increase, the regression coefficient of 0.64 suggests an expected increase of ca. 2°C in the CTI at any given point, while the regression coefficient of 3.91 for species density suggests an increase of nearly twelve species in a 0.25 ha plot. This potential future species density is equivalent to an immigration credit, the number of species committed to eventual immigration following a forcing event as proposed by Jackson and Sax (2010). In our case, the forcing event is the 2.97°C increase in MAT for the year 2070. Warming-driven increases of plant species diversity have been observed on European mountain summits (Steinbauer et al., 2018) though we have found no evidence of this for the 2012–2019 period on our gradient (Hernández Gordillo, 2020, see Supplementary material). The expected increases of the CTI and species density can be tested for by monitoring; if they do not occur, monitoring could be suggesting a lack of natural capacity to adapt to the rising temperature, migration lag for example.

For increases of the CTI and species density to occur at a given point, two conditions must be fulfilled: tree species adapted to higher temperatures must be present in the landscape, and they must be able to migrate. We discuss migration in Section 4.7. Regarding the first of these conditions, the critical question is: do such species exist in the lowlands? In their seminal study, Colwell et al. (2008) pointed out that lowland rain forests are at risk of biotic attrition, conceiving this phenomenon as a net loss of species richness that occurs because species adapted to the increased temperatures do not exist. Do our results suggest a risk of biotic attrition in the lowland sector of our gradient? The current mean of the mean annual temperatures of the pixels in which our lowland permanent plots are located (440–620 m asl) is 23.2°C, and the range of simulated means for 2,070 from 24 general circulation model simulations is 25.6–26.0°C (Supplementary Table 2). The maximum current temperatures of pixels in which 27 dominant species of these plots are recorded in the GBIF unpublished data range from 26.0°C to 27.8°C (mean 26.9°C). This suggests that under SSP 585, by 2070 dominant tree species may be approaching the limits of their thermal tolerances.

A necessary caveat regarding thermal tolerances is provided by Feeley and Silman (2010). As an alternative to biotic attrition, they propose that thermal niches quantified using current distributions of species, as in our study and that of Colwell et al. (2008), are in fact truncated because species may retain adaptations to higher past temperatures that do not occur under the current Holocene climate. If this were the case, then the risk of biotic attrition in the neotropical lowlands might be reduced (Feeley and Silman, 2010). We conclude, however, that in the context of management for adaptation, and in the absence of concrete evidence for Feeley and Silman’s truncation hypothesis, precaution requires acceptance of the risk of biotic attrition, and monitoring must take it into account.



4.3 The community weighted mean thermal niche breadth

The climate variability hypothesis, which posits that locations with reduced seasonal temperature variation select for species with narrower thermal ranges (Cuesta et al., 2020) is the basis of our hypothesis that community weighted mean thermal niche breadth would decrease with mean annual temperature. Our hypothesis is supported and the CWM thermal niche breadth is therefore substantially sensitive to the spatial temperature gradient (Table 3). In line with the climate variability hypothesis, broad thermal niches may arise in montane species due to the need to tolerate a broader inter- and intra-annual range of environmental conditions than is the case for lowland tropical species (as proposed by Stevens, 1992, among others, and verified for 1,138 tree species of Brazilian Atlantic Forest by Klipel et al., 2022). Among the key elements of the broad range of environmental conditions in montane environments could be chilling temperatures and frost, Rehm and Feeley (2015). The upper altitudinal limits of tropical taxa may be determined by lack of tolerance of chilling temperatures, which can cause tissue damage in the 10–12°C range (Lyons, 1973; Osland et al., 2021) and frost, which in our landscape occurs only in the montane forest zone (Herrera, 2005).

The broad thermal niches of montane tree species and the stands they form are particularly relevant to the putative risk of mountaintop species extinctions in montane ecosystems. The current montane rain forest life zone, sampled by us at altitudes in the range 2,150–2,950 m asl, is the focus for the possibility of mountain top extinction, which has been hypothesized on the assumption that the climate envelopes of montane species will become greatly reduced in extent or disappear under climate change (Colwell et al., 2008). That these species have narrow altitudinal ranges, therefore narrow climate envelopes, is implicit in this discussion (Colwell et al., 2008; Mata-Guel et al., 2023).

Our study and that of Klipel et al. (2022) nevertheless show that the dominant tree species of montane forests have broad, not narrow, climate envelopes, and the weighted mean niche breadths are therefore also broad. The optimum temperatures of the dominant species of our montane forests are > 15°C unpublished data, even though current MAT in the forests they dominate is in the 10–11°C range – this is also the reason why values of the community thermal capital index are positive in the montane forest plots, as we discuss below. It seems unlikely that the populations of the dominant species of the montane forests of our landscape face extinction.



4.4 Climate debt and climate credit: the community thermal capital index

The CTCI shows substantial sensitivity to temperature, with climate debt at low and middle elevations and climate credit in lower montane and montane areas (Table 3). Climate debt has been characterized as a mismatch between community thermal characteristics, such as the CTI, and the prevailing temperature regime at a site; climate debts can arise and accumulate if thermophilisation rates are lower than the velocity of climate change (Richard et al., 2021). Climate credit arises in the montane forests of our landscape, however, because dominant species have broad thermal niches and optimum temperatures higher than the mean annual temperatures of the sites they dominate. Positive CTCI values suggest that an ecological community would potentially be buffered against the effects of rising temperatures, while the existence of climate debt in lowland forests complements results for other ecosystem properties in indicating that these forests may be at risk of degradation.



4.5 Forest stand structure, dynamics and decomposition rates

Leaf litter decomposition rates, standing basal area, carbon stored in above ground biomass and net basal area increment are fundamentally important ecosystem properties with substantial sensitivity to the spatial temperature gradient of our landscape (Table 3). The strong positive relationship of leaf litter decomposition rates to temperature was expected (Powers et al., 2009; Salinas et al., 2011) as were the intermediate-strength positive relationships of recruitment and mortality rates, but the negative relationships of basal area, carbon in AGB and basal area increments were not.

By analogy with results from research in cold biomes (Cornelissen et al., 2007), decomposition rates in TMRF will be directly affected by increasing temperatures and will likely track rising temperatures closely, potentially reducing soil carbon storage. Decomposition rates will likely increase whether or not changes in forest composition and diversity occur, although species leaf traits affect them strongly, in TMRF (Salinas et al., 2011; Esquivel et al., 2019) as in other biomes (e.g., Cornelissen et al., 2007). Any changes in forest composition may therefore interact with rising temperature in the determination of future patterns of litter decomposition.

The negative relationships to temperature of stand basal area and carbon stored in above ground biomass seem to be characteristics associated with TMRF where high-AGB montane forests are dominated by species of Fagaceae (discussed by Hernández Gordillo et al., 2021). The past and present climatic and biogeographical factors that underpin this pattern need further research.

The substantial sensitivity of forest stand dynamic variables to the spatial temperature gradient may give rise to short-term responses to rising temperatures. Evidence for this is that diameter growth and AGB productivity vary in response to interannual temperature and precipitation variation, as has been shown for tropical forests using permanent sample plots (Clark et al., 2003) and dendrochronological approaches (Rozendaal and Zuidema, 2011). The annual mean of the daily minimum temperature was negatively correlated with tree growth in lowland wet forests in Costa Rica, possibly because higher temperatures cause higher respiration (Clark et al., 2003). While these short-term responses to climate variation suggest that TMRF dynamic rates, like decomposition rates, may track rising temperatures closely, Sullivan et al. (2020) point out that short-term responses may be a poor guide to long-term changes, because trees and forest stands may undergo physiological and ecological acclimation.

The negative relationship of net basal area growth to temperature is one of the most striking aspects of our results for 2012–2019. All the tropical wet forest plots - the 440–620 m asl altitudinal range – lost basal area during this period. These plots are separated by at least 300 m horizontal distance (Veintimilla et al., 2019) so this does not seem to be a localized event. It is possible that such a decline in stand structure would occur at the beginning of temperature-driven biotic attrition, but lightning strikes are implicated by Hernández Gordillo et al. (2021), so that the relationship to temperature would be indirect at the most. If lightning is proved to be the major driver of forest stand decline, then the analysis of exposure for climate change vulnerability analysis would have to include extreme weather events.



4.6 The migration conundrum

Forest stand composition, diversity and thermal characteristics are substantially sensitive to the spatial temperature gradient, and the adaptation of these ecosystem properties to rising temperatures during the present century depends at least partially on migration (Table 3). We are currently modeling species migrations under climate change for this forest landscape and make only brief comments here.

Species can respond to climate change through physiological, behavioral and genetic adaptation or by migrating: moving to remain in favorable climates (Arneth et al., 2020). Migration should be understood as the process of colonization of habitat that becomes appropriate for a species due to temporal environmental change. Migration is only a component of sensitivity as we have defined it in this paper, if seed dispersal, seedling establishment and generation time change in response to spatial and temporal temperature gradients. It is not possible to determine if this is the case at the moment. Empirical studies have shown, however, that migration rates of plants are often slower than the rate of climate change – “migration lag,” or the failure of species to track their changing climate envelopes (Richard et al., 2021). Climate debts may arise because of migration lag. Responses to the changing climate that require species migrations (Table 3) are of high priority for management for adaptation.

Also, if migration is most important for species with narrow temperature niches (Colwell et al., 2008; Mata-Guel et al., 2023), we hypothesize that it is most important in our landscape for species of lowland and middle-elevation forests where the stand CWM thermal niche breadths are low because of the predominance of such species. What are the seed dispersal capacities, requirements for seedling establishment and growth rates to reproductive maturity of species that are required to migrate (Engler and Guisan, 2009; Boisvert-Marsh et al., 2022)? In a Costa Rican Tropical Wet Forest managed for timber production, three of the dominant tree species of the Tropical Wet Forest of our altitudinal gradient – Carapa guianensis (family Meliaceae), Minquartia guianensis (Olacaceae) and Pourouma bicolor (Urticaceae) showed median growth rates in the range 3–7 mm yr–1 for individuals ≥ 10 cm dbh (Finegan et al., 1999). If these species attain reproductive maturity on average at 30 cm dbh, these growth rates suggest median times of 30–70 yr to reach that stage from 10 cm dbh, and considerably longer overall generation times starting from seedlings. It is still necessary to demonstrate as rigorously as possible that migration lag will occur, but it seems very likely.



4.7 Toward climate action for adaptation in protected tropical mountain forests

In this final section, we identify and briefly discuss the implications and potential for application of our approach to sensitivity analysis as a component of climate action, in the biogeographical context of the protected areas of the area of action of our programme, and the policy and legislative context of Costa Rica. The points made should have relevance beyond this context because of undoubted biogeographical, political and legislative similarities with other places in the American tropics.

Climate action is any policy, measure or programme that reduces greenhouse gas emissions, builds resilience to climate change or supports and finances these goals. Enabling conditions for concerted, mainstreamed, climate action for conservation are a work in progress in Costa Rica and in general, their development is a complex subject (e.g., Bouman et al., 2020). In this discussion we focus on the state protected areas that cover a large proportion of the forest ecosystems of our research area. This is possible because these protected areas have official management plans (Sistema Nacional de Áreas de Conservación [SINAC], 2014, 2016a,b) which address climate change issues in the context of Costa Rica’s National Biodiversity Strategy 2016–2025 (Ministerio de Ambiente y Energía, 2016).

The management plans cited identify as focal management elements – defined as ecological values that are the objective or priority for management (Ministerio de Ambiente y Energía, 2016) – the forests across the altitudinal range of each protected area, and their contributions to people (Sistema Nacional de Áreas de Conservación [SINAC], 2014, 2016a,b). The plans identify climate change as the main threat to the forests of the protected areas and set out specific objectives and timelines for the development and implementation of a climate action agenda for them. Work to address these objectives is currently in progress.

This policy, legislative and management planning environment suggests that potential for the implementation of climate action exists, so what might be the contribution of our research programme? Climate change vulnerability analysis is a tool for climate action. We have the full support of the national authorities for our research and our contribution is an approach for the evaluation of the temperature sensitivity of tropical mountain rain forests, to contribute to rigorous vulnerability analysis. Our approach, however, is not yet adopted for the management of the protected areas.

Views on the role of research programmes like ours in the support of decision-making for climate action have evolved from science-driven linear methods to interdisciplinary approaches that recognize the complexity of the decision-making process (Jones et al., 2014). The crucial next step for our programme is to participate in such an interdisciplinary process to achieve the adoption and implementation of the sensitivity analysis by the authorities of the protected areas. This process should include prioritization or weighting of ecosystem properties, or the inclusion of additional ones, for example in relation to the characteristics of a landscape, the management objectives of a particular protected area or the priorities of local actors. As an example, the relatively low degree of fragmentation of the forest landscape in the protected areas of our research area contrasts with the fragmented landscape adjacent to and around protected areas on altitudinal gradients on Costa Rica’s Pacific slope, where a stronger focus on landscape connectivity is required (e.g., Céspedes et al., 2008).

The approach to sensitivity analysis is the first contribution of this paper in support of support climate action in the management of these TMRF. The second is a strong recommendation, on the basis of our results, to re-evaluate existing perceptions of the vulnerability of these forests to climate change. We have shown that the montane and lower montane forest zones, although the least species-rich of the gradient, have broad community-weighted mean thermal niche breadths and are in a state of climate credit as measured by the Community Thermal Capital Index. Their positive net basal area increments and very low or zero tree mortality for the 2012–2019 period complement these forest stand thermal characteristics in suggesting ecosystems that are not currently undergoing degradation and may be resistant to ongoing temperature increases, rather than being at risk of mountaintop extinctions as defined by Colwell et al. (2008) and Mata-Guel et al. (2023). The very high carbon storage in above-ground biomass in montane forests could therefore be maintained for a considerable period. In their seminal study in another Costa Rican mountain range, Colwell et al. (2008) did not forecast mountaintop extinctions either.

Besides recommending a reevaluation of the vulnerability of montane forests, we recommend a switch of attention toward the vulnerability of forests in the lowlands. Although the lowland Tropical Wet Forest stands are the most species-rich of the gradient, they have the narrowest community-weighted mean thermal niche breadths and are in a state of climate debt. They had negative net basal area increments for the 2012–2019 period and relatively high tree mortality. Lightning may be an additional climate-related driver of change in this sector of the altitudinal gradient (Hernández Gordillo et al., 2021). These results suggest that at this moment in time, the lowland forests are the most vulnerable to degradation by climate variability and change. Whether or not any degradation includes biotic attrition as defined by Colwell et al. (2008) for similar Costa Rican lowland forests must be determined by monitoring.

All the eleven ecosystem properties we have evaluated show substantial sensitivity to spatial temperature gradients. In the framework of the IPCC approach to CCVA (Figure 1A), the high exposure already demonstrated (Delgado et al., 2016, this paper) is now accompanied by a rigorous demonstration of substantial sensitivity. High exposure and substantial sensitivity give high overall vulnerability to climate change. As high exposure is a given and ecological sensitivity is inherent, vulnerability can only be reduced by strengthening social and institutional adaptive capacity (Delgado et al., 2016; Bouroncle et al., 2017). National and local organizations should adopt multidimensional sensitivity analysis as part of the scientific basis of this strengthening.
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