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I. Introduction


Human-induced climate change has morphed from hypothesis to reality during the last decade.  Global temperature averages are on the rise: of the twelve warmest years since 1850, eleven of them were between 1995 and 2006, and the Intergovernmental Panel on Climate Change has very high confidence this is a result of anthropogenic activities (IPCC, 2007).  Future scenarios predict global temperature to rise between 1.8 ºC and 4.0 ºC in the next ninety years. Because climate is very much a spatially heterogeneous variable, the actual effects of global warming at the regional scale are likely to be much more pronounced.  Amongst other things, climate variability, heat waves, droughts and heavy precipitation events are likely to increase in intensity and frequency, and changes in ocean currents are expected to have unpredictable consequences (IPCC 2007). 


Climate is one of the key features that defines the nature of ecosystems (Hawkins et al. 2003).  Current global warming has already been shown to impact the Earth’s biota at all scales of organization from species to ecosystems, and the rate of change is likely to accelerate in the future (Walther et al. 2002), especially if the effects of climate change interact with other drivers like land-use use change and biotic exchange (Sala et al. 2000).  Consequences of global warming on biotic communities include shifts in species distribution and phenology (Parmesan 2006; Thomas et al. 2004), increased risk of pathogen outbreaks (Pounds et al. 2006) and disturbance of predator-prey cycles (Frederiksen et al. 2006).  Complex effects resulting from species’ interactions have also been documented and will undoubtedly be a common occurrence given the high number of interacting species that form ecosystems (Ducklow et al. 2007; Walther et al. 2002).  Therefore, as the perceived effects of climate change are very likely to increase in the future (IPCC 2007), there is a very tangible risk that there will be profound repercussions on the identity and organization of biological systems.  


Panama is a neotropical country that is host to a great number of species, but multiple stresses are threatening the existence of such diversity.  For instance, 575 species listed on the 2006 IUCN Red List are from Panama (IUCN 2006).  It is thus very likely that climate change will interact with socio-economic pressures and increase the strain already present on Panamanian ecosystems.  As a signatory to the Convention on Biological Diversity (CBD), Panama has agreed to take the necessary steps to conserve and protect national biodiversity in a sustainable manner (Emilio Sempris, pers. comm.).  Given its high percentage of remaining forest cover – 62.4% of the original primary forest (WRI 2007) – and the large area of the country covered by protected areas, it is a conservation opportunity with great potential.  For policy-making purposes, it is essential to identify the ecosystems that are most likely to be affected by climate change in Panama as well as understand how this will impact the rate of biodiversity loss.


The purpose of this study is to evaluate the vulnerability of Panamanian ecosystems to climate change.  One of the main challenges is to define what exactly is meant by “vulnerability” and what its proper measurement is.  The IPCC defines vulnerability in terms of climate change as, “the degree to which a system is susceptible to, or unable to cope with, adverse effects of climate change, including climate variability and extremes” (2001).  This definition introduces yet another fuzzy term, “susceptibility,” which in turn refers to exposure, sensitivity and adaptive capacity (Metzger et al. 2005).  In this study we apply this concept of vulnerability to ecosystems, in that vulnerable ecosystems are more likely to suffer biodiversity loss from climate change.  We realize this is still a rather loose definition, and the general lack of understanding of the consequences of climate change for ecosystems makes it difficult to define straightforward quantifiable responses. 


It is one thing to predict the effects of climate change on a species but quite another to try to predict the consequences on ecosystems, which are made of countless interacting biological and physical factors.  While the relationship between species and ecosystem functions is far from being understood (Peterson et al. 1998), there is a general consensus that biodiversity loss decreases the resilience of ecosystems to biotic and abiotic disturbances (Hooper et al. 2005).  In a policy-making framework, it is certainly more useful to be able to assess vulnerability at the ecosystem scale; however, due to its complexity and inherent uncertainties, this is a task that few have attempted.  For example, (Scholze et al. 2006) have looked at the effects of global warming on key ecosystem processes (change in forest cover/carbon storage, wildfire frequency, and freshwater availability) for the world ecosystems by using a Dynamic Global Vegetation Model (DGVM).  Most studies that focused on the ecosystem scale actually use either some version of a DGVM alone or combine it with one of the methods mentioned above (e.g., (Schroter et al. 2005; Thuiller et al. 2006).  The short timeframe, the potential amplitude of the task and our level of expertise prevent us from using this type of methodology.  We thus decided to perform a preliminary vulnerability assessment where we would analyze general characteristics of ecosystems that are likely to increase their sensitivity to climate change. 


The main conservation objective underlining this study is the preservation of all of Panama ecosystem types in the future, both to minimize biodiversity loss and to maintain ecosystem services to Panamanians.  Using supporting scientific literature, we identify four key components that could increase ecosystem vulnerability to climate change: (1) sea level rise, (2) ecosystem geometry (area and shape), (3) climatic “space” and (4) species sensitivity.  These four variables will be created and combined using Geographical Information Systems (GIS) in order to construct an index of ecosystem vulnerability to climate change (EVCC) for the ecosystems of Panama.  Because we are well aware of the uncertainties associated with a number of ecosystem responses to climate change, we will not produce a definitive measure but rather rank each ecosystem according to its vulnerability, from our calculations, to climate change under each of the four components.  The EVCC will be a weighted sum of the ranks for each component.  It can thus be considered more of a relative measure: it does not tell how much vulnerability an ecosystem has per se but how vulnerable it is relative to other ecosystems.  The index will be presented as a series of maps.  Additionally, we will look at the relationship between the EVCC, the degree of human intervention in ecosystems, the current network of protected areas, the distribution of endemic species, and overall species richness, as these are relevant to Panama’s involvement in the CBD.  While we realize that there are a lot of uncertainties associated with this index, both with the data used and the theory behind it, we feel it will be useful as a preliminary assessment for policy-making, which will strive to meet Panama’s CBD objectives and improve the extent of the protected areas network.  This project also has potential to serve as a foundation for continued or more sophisticated studies on ecosystems and climate change in Panama.

IV. Methods 

A. Calculating the index’s components: four component of ecosystem vulnerability to climate change

We compare each of the four components to a map of ecosystems in Panama, which had been classified according to vegetation and level of human intervention.  There were thirty-seven ecosystem types and 1303 ecosystem patches (e.g., there are five “Broadleaf evergreen altimontane rainforest” patches).  While the goal is to compare all components individually to each of the 1303 ecosystem patches, we also make generalizations about the thirty-seven ecosystem types.  Since the domain analyses involve different data types, we describe the different overlay methods below, sparing most of the specific technical of GIS from this paper.  We create sub-indices for each domain, according to its number (EVCC1,2,3,4)—each EVCCx receiving a value from 0 to 20, depending on which domain of vulnerability.  We later combine each sub-indices to create an overall vulnerability index—EVCC.

1)  Vulnerability to sea level rise – EVCC1
Land loss due to sea level rise is a direct consequence of climate warming and will likely impact a number of coastal ecosystems (e.g. mangroves).  A digital elevation model (DEM) provided elevation values at a ninety-meter horizontal resolution.  Since the IPCC (2001) “business as usual” scenario predicts a global average of a 0.6 meter rise in sea level by 2099, we calculate the density of all areas from zero to one meter in elevation within 1 kilometer of the coastline, for each ecosystem patch.  Those ecosystem patches with the highest density of low elevation coastal zones have the highest EVCC1 values.
2) Ecosystem geometry (edge effect and irregularity) – EVCC2

Some ecosystems are likely to be more vulnerable to climatic disturbances brought about by global warming because of their area and/or shape alone.  Larger areas are less susceptible to ramifications of stochastic perturbations (Janzen 1983).  Also, the shape, more specifically the ratio of the perimeter to the area of the core, is important because of the edge effect and because ecotones—transition zones with environmental gradients—are more sensitive to external factors (Murcia 1995; Saunders et al. 1991; Shafer 1999).  We apply two measurements for ecosystem patch geometry, the first being an edge to core ratio calculation, where we measure 500 meters inwards from the border of a patch to distinguish the “edge” from the “core” of each patch.  This gave a high sub-index value for those ecosystem patches that had a relatively high amount of core compared to edge. 

The second measure used in this sub-index attempted to evaluate of the irregularity of the ecosystem patch, obtained by measuring the area and perimeter of an ecosystem patch, as well as the perimeter of the patch if it were a perfect circle (with the same area).  The reasoning behind this is that a circle has the least perimeter per area of any shape, leaving fewer edges susceptible to change from the outside.  We then obtain EVCC2 by adding together the two measurements, which express the highest vulnerability to “edge effects” in terms of high edge:core ratio and high geometric irregularity.

3) Climatic “space” of ecosystems – EVCC3

Ecosystems have evolved to fit specific temperatures and precipitation regimes over millennia.  Some ecosystems exist in regions where there are naturally large variations in climate within and between years.  Each ecosystem can thus be said to be adapted to fit a climatic “space” that accounts both for average climate (e.g., average temperature and precipitation) and climatic variability.  Climate change will affect the climatic conditions under which specific ecosystems occur, and vulnerability should increase as ecosystems are taken further away from the conditions in which they have been historically occurring.  Moreover, ecosystems with higher annual variations in climate should be more resilient to climate change.  The third component of the EVCC, the climatic “space” of ecosystems, uses historical climate data and projected future climate to estimate which ecosystem patches, given the projected change in climate where they occur and the variation of climate they have been historically exposed to, should be more vulnerable by climate change.  We use temperature and precipitation data in our evaluation of EVCC3, since they have both been shown to be important determinants of vegetation type (Hawkins et al. 2003). 

We obtained the historical climate data from WorldClim, an electronic database that provides high-resolution interpolated climatic data (1 km2) for the world, averaged from 1960 to 1990 (Hijmans et al. 2005).  The predicted future climate data for Panama came from SERVIR’s climate change model (SCCM).  The model was run at a horizontal resolution of 6 km from 2005 until 2099.  The data used in EVCC3 was monthly temperature and precipitation averages for July through September of the years 2025, 2050 and 2099.  We focus the analysis on those months because of data availability but can be justified as they make up part of the region’s rainy season.  In the case where data from other parts of the year become available and a third party would want to reapply the EVCC, we would suggest not averaging the data together but doing separate analyses for biologically relevant periods of the year (specific seasons or months).  Additionally, the CCCM has only presently been run with the “business-as-usual” carbon emission scenario.  It would have been preferable to evaluate and compare the results of the EVCC according to a number of emissions scenarios, but this setback is countered by the fact that SCCM is the one with the highest resolution for that region.  Low-resolution data is often targeted as one of the main problems in studies of ecological response to climate change. 

We conducted the analysis itself at a resolution of 1 km2, using the WorldClim data as a template.  As a result, each 36 km2 pixel of the SCCM was resampled (nearest neighbor) in 36-1 km2 pixels.  While this induced a bias in the EVCC3 in terms of spatial auto-correlation of the up-scaled pixel, it avoided the exclusion of many small ecosystem patches in the analysis and still provided information about the magnitude of variation in historic climate for each 1 km2 pixel since the WorldClim data occurs at that resolution.  Still, not all ecosystems had climatic data coverage.  A map of these patches excluded in this analysis is included in the “Results and discussion” section. 

We used the Gower Metric to evaluate predicted change in climate in terms of temperature and precipitation for each 1 km2 pixel.  This allowed us to consider historic temperature and precipitation ranges as well as historic averages, putting anomalies in context of what an ecosystem is used to climatically (Carpenter et al. 1993). 

The following steps were followed to build EVCC3: 

a. For each 1 km2 pixel of Panama, we determined mean monthly temperature between June and September (thistorical), minimum mean temperature for the coldest quarter, and maximum mean temperature for the warmest quarter, mean monthly precipitation between June and September (phistorical), minimum mean precipitation for the driest quarter and the maximum mean precipitation for the wettest quarter.  We then determined the projected mean monthly temperature and projected mean monthly precipitation between June and September, (tfuture) and (pfuture), respectively, for 2025, 2050 and 2099.
b. For each pixel, we used the Gower Metric for temperature and precipitation for 2025, 2050 and 2099.  An example for temperature is given here: 

Gower Metric for cell i = (temphistorical –  tempfuture )/ temprange of ecosystem patch containing i
c. We then averaged the above Gower Metric cells for temperature and precipitation for 2025, 2050 and 2099 within each ecosystem patch. 

d. For each ecosystem patch, we calculated an aggregated Gower Metric for temperature and precipitation, according to the following equation. 


GM ecosystem patch = 4* GM2025 + 2* GM2050 + GM2099  

               
We chose this pattern of weighting because, all else equal, an ecosystem where the rate of climate change is higher should be more vulnerable.  Also, uncertainty in the accuracy of the predicted climate data increases with time. 

e. We compared the aggregated Gower Metrics for temperature and precipitation amongst all ecosystem patches, and attributed the highest sub-index values to those projected to undergo the most severe change compared to historical climatic means and ranges. 

4) Species sensitivity – EVCC4 
A large number of studies have modeled shifts in species distribution in response to climate change and have gradually uncovered many basic characteristics that could make species more vulnerable.  Here a geographic extent of mammals, birds and amphibians to estimate species’ sensitivity to climate change in each ecosystem.  Thuiller and his colleagues’ study (2005a) provided theoretical foundation since they found that species with smaller ranges were less likely to have suitable habitat available for them in the future.  Thus, in this fourth domain of vulnerability, ecosystem types that have a higher number of species with small ranges will be deemed more vulnerable to climate change. 
Estimated ranges for mammals, amphibians and birds of Panama were provided by InfoNatura, an electronic database with habitat ranges for terrestrial birds, mammals and amphibians of Latin America and the Caribbean (InfoNatura, 2007).  The resulting coverage of Panamanian diversity was high: geographic information on ranges was available for 245 out of the 246 mammals, 845 of the 929 birds (including migratory birds), 192 out of the 196 amphibians. 

Given the inherent differences in range sizes among each class of species (aves, mammalian, amphibian) separate analyses of species sensitivity were performed for each class.  The following steps detail the process of analyzing species sensitivity (see Figure 1).

1. Calculate the presence area of each species that inhabits Panama (a.k.a. entire habitat range).  Attribute a rank from 1 to ‘x’ to these areas, where the smallest areas receive the highest rank, ‘x.’  Since there were significant differences in the quantities of bird, mammal, and amphibian species, ‘x’ is different for each class.  For example, we set ‘x’ higher for the bird class than the amphibian class.  
2. After this classification, we rescaled the 1 to ‘x’ scale for each class to an equal ranking scheme, thereby avoiding a preference for one class over the other.  
3. Based on the identification of species inhabiting each ecosystem patch, we averaged these normalized species ranks within each ecosystem patch, maintaining the class-averages separate.  
4. We then divided these result by the number of species in each ecosystem patch and re-scaled this quotient from 1 to 10, per class.  
5. Finally, we averaged the three quotients and re-scaled the result from 1 to 5 to arrive at the EVCC4 for each ecosystem patch, where 5 represented an ecosystem patch with the most sensitive species, normalized by patch size.
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Figure 1: An outline of the main steps leading to the final calculation of EVCC4
B. Constructing the index: combining four variables into one


For each ecosystem type, we assigned appropriate weights to each of the four components defined above. This is important because some factors are not as pertinent to climate change or are not as reliable in either the raw data or the analyses (Table 1).

Table 1  Review of EVCC sub-index values: Numbers in italics represent the more influential category for each domain, which is the deciding factor in the case of ties.
	Domain
	Pertinence to Climate Change
	Reliability of Data
	Overall Weight
	Scale

	EVCC1 (sea level rise)
	3
	4
	3
	0 – 14

	EVCC2 (patch geometry)
	1
	2
	2
	1 – 10

	EVCC3 (climatic ”space”)
	4
	3
	4
	0 – 19

	EVCC4 (species sensitivity)
	2
	1
	1
	1 – 5


Considering that climatic “space” is at the heart of this study, we attribute to it the highest weight.  Sea level rise follows in second, and ecosystem geometry is the third most important.  We give species sensitivity the lowest weight because of the uncertainties in the theory of species range as a driver of ecosystem patch vulnerability.  Given these ranks, we calculate the EVCC value for all of the ecosystem patches (except some due to resolution issues, see EVCC3 results):
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C. Methods for applying index to current situations: 


For discussion and application purposes, we overlay the EVCC index on other types of data.  Doing this allows viewers to pinpoint areas that are especially vulnerable from the lack of protection and/or the intrinsic biotic vulnerability (due to the endemism), and this will be a useful decision-support tool pertinent to the Panama’s CBD objectives and its focus on protected areas and endemic species.  The four application areas are the degree of human intervention, protected areas, endemism, and species richness. 

1) Degree of human intervention
These were previously assigned to each ecosystem patch (values from zero to nine), which reflect their UNESCO description.  Table 2 guided the method in valuation:

Table 2  Guide to Assigning Intervention Values

	Ecosystem Patch Description
	Intervention Value

	Populated places
	9

	Shrimp farming
	8

	Agroforestry
	7

	Productive system: <10% natural or spontaneous vegetation
	6

	Productive system: 10-50% natural or spontaneous vegetation
	5

	Natural system: moderately high intervention (lowlands)
	4

	Natural system: moderately high intervention (mountains)
	3

	Natural system: medium intervention
	2

	Natural system: low intervention
	1

	All others
	0


We compare the overall EVCC to the degree of intervention to see which domain is the cause for the most concern.

2) Protected areas

The types of protected areas considered in the comparison of EVCC index values were anthropological reserves, biological corridors, biological reserves, forest reserves, hydrological protection zones, national marine parks, national parks, national wildlife refuges, private reserves, protected forests, protective zones, recreation areas and wildlife refuges of Panama.
3) Species richness  and endemism

The InfoNatura (Nature Serve, 2007) database identified endemic species, which include sixteen mammals, eight birds, and twenty-nine amphibians.  We present species richness and endemism in Panama per 10km x 10km squares.

V. Results and Discussion 

The results are presented in a similar framework as the Methods section and addressed on an ecosystem level, in which the thirty-seven ecosystem types have been described in terms of different vulnerability components.  A discussion on the different impressions people can get from these maps is given in part C, and implications of our analysis of further applications are addressed.  For all results, we provide critiques to the methods employed in order to initiate thoughts on how improvements can be made.

A. Four components of ecosystem vulnerability to climate change

1) Vulnerability to sea level rise – EVCC1
The most vulnerable ecosystem patches include the following ecosystem types: mangroves, semideciduos tropical forests in lowlands (all three levels of human intervention), small islands, and populated places.  Over half of those small islands are located in Bocas del Toro, a province that also contains the other most vulnerable ecosystem types such as mangroves, various types of forests in lowlands, swampy or marshy forests, and occasionally flooded rainforests.  Bocas is also the location of the only populated place patch with the highest possible EVCC1 value.  The areas of Colón and the Free Trade Zone as well as the Gulf of Chiriquí are a mix of similar ecosystem types with high patches of vulnerability.

Overall, the two ecosystem types most consistently high vulnerability to sea level rise are “broadleaf evergreen rainforests dominated by palms and in swamps,” and “coastal vegetation growing on very new soils,” accounting for an extremely small percentage of total land in Panama.  This could be a cause for concern because of the rarity of this ecosystem type.  Salt and shrimp production ecosystem types located in the Arco Seco of the Azuero Peninsula are also comprised of very small, highly vulnerable areas.  While not natural ecosystems per se, they are still worth keeping in mind for their importance in the economies and food production for the country (discussed in Applications section).

The method of selecting land of only zero to one meter in elevation involved using a DEM on the 90m scale.  Unfortunately it has a ±15m margin of error and slight imperfections when overlaying it with the ecosystem map, some results are not completely accurate.  Although there are higher resolution DEMs available for certain areas, the vertical error usually increases.
Map 1 of vulnerability to sea level rise well-illustrates the particular coastal regions that are more vulnerable than inland areas.  Since the color scheme was applied to ecosystem patch and not simply which coasts are susceptible to flooding, it is possible that viewers misunderstand this demonstration of vulnerability. Most noticeable is the second largest ecosystem patch (Productive system with less than 10% natural or spontaneous vegetation) that covers a large portion of the Azuero Peninsula.  Because many of its boundaries are coasts, there is a high chance that parts of it will be susceptible to sea level rise.  This shows up in the fact that it was given an EVCC1 value of 3.  Had this patch been divided into smaller sub-patches, the interior of the country would not appear vulnerable to sea level rise, as it might be interpreted through this map.  
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2) Ecosystem geometry (edge effect and irregularity) – EVCC2
One should see that many of the coastal ecosystem types are again highly vulnerable (Map 2).  This is a result of their geometric irregularity (probably long and thin in this case) and relatively small size (having a large edge to core ratio).  Generally, ecosystem patches are smaller along the coastline, likely due to the more marked differences in land cover from coast to inland than from inland to inland.  Agricultural systems also have some patches of very high vulnerability in terms of geometry, but this analysis was meant to capture those ecosystem patches with the most susceptibility to negative edge effects.  Even though an agricultural system could have an irregular shape, the theory behind its vulnerability does not stand.  That is to say, this geometrical analysis is much more pertinent for natural systems, because human-altered systems are often more buffered from surrounding environmental changes (later discussed in the Human Intervention section).

Even though nine out of ten of the most vulnerable patches are mangrove forests; it more is important to consider this sub-index at ecosystem patch level rather than ecosystem type. “Coastal vegetation growing on very new soils and salt marshes with scarce vegetation” also frequently have the highest EVCC2 ranks.  These two types have already been highlighted in the sea level rise analyses.  Some ecosystem types have very high sub-index values in one location but low values in another, which supports the argument that this geometry analysis is not good at summarizing vulnerability based on ecosystem type.  It is much more meaningful when considered for each patch.
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3)   Climatic ‘space’ of ecosystems  – EVCC3
EVCC3 is an indicator of how much climate will change on average for each ecosystem patch, weighted by how much interannual climatic variation an ecosystem patch has been exposed to during the last 40 years.  Only 770 out of the 1303 ecosystem patches were evaluated because of the resolution of the climate data (Figure 2).
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Figure 2: Ecosystem patches (in light blue) that were not evaluated under EVCC3. Their combined area is less than 0.16% of the Panama’s total area.
A number of trends can be extracted by observing the EVCC3 maps (Map 3).  First, the most vulnerable regions of Panama, both in terms of temperature, precipitation and overall EVCC3, are the Pacific and Caribbean coasts of the western part of the country.  The province of Bocas del Toro shows the highest vulnerability overall.  In general, the interior of the country receives low vulnerability ranks, including the Azuero Peninsula but excluding some ecosystem patches in the Darien and around the Panama Canal that are ranked with intermediate-high vulnerability.  Isla Coiba has intermediate vulnerability, but its status as an island makes the micro-climate less predictable.  In general, bigger ecosystem patches are less vulnerable, making an important proportion of the country’s area low in vulnerability.  No consistent trend in vulnerability for both precipitation and temperature at the ecosystem type level was observed.  Visual  comparison the temperature and precipitation maps suggests that vulnerability in terms of temperature and precipitation are spatially well-correlated, except for the Canal area that has more vulnerability in terms of precipitation and the Darien where vulnerability to temperature change is much more important than vulnerability to precipitation change.  This trend also holds when averaging to the ecosystem type level.  Ecosystem patches that are extremely vulnerable in terms of precipitation are generally not that vulnerable to temperature, but ecosystem patches that have moderate vulnerability often rank similarly in terms of temperature and precipitation.

The trends gathered from EVCC3 show that the vulnerability to climate change in terms of the climatic “space” of ecosystems is asymmetrically distributed across the country and that it is wrong to assume all ecosystems will react similarly. Such analysis is useful for not only conservation purposes but also to increase the resilience of the agricultural system to global warming. 
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4) Species sensitivity – EVCC4
EVCC4 is a measure of how many species that are sensitive to climate change an ecosystem patch contains compared to other ecosystem patches, accounting for species density as a function of species richness and area of the patch.  Map 4 shows average EVCC4 for each ecosystem type.  A noticeable result is that mountainous ecosystems appear more vulnerable.  The northwest part of the country is also more vulnerable, although this might be partly biased from the fact that the biggest ecosystem patch was very species-rich and that accounting for species density did not completely eliminate the area effect.  Islands generally got lower scores, and this is probably due to their low species density compared to the mainland.  EVCC4 also appears to be related to endemism, which would be expected given that endemic species should have the smallest habitat ranges within their classes.  

The methodology used to measure EVCC4 appears appropriate. As shown in Table 3, accounting for species density per ecosystem patch allowed us to remove the area effect that occurs when one only considers the average number of sensitive species.  This effect results from the fact that a larger area can contain relatively more species with smaller ranges.  It is important to keep in mind that EVCC4 can only be as good as the initial species distributions used to construct it so that care must be taken to have distributions as accurate as possible to start with.


Due to data availability reasons, EVCC4 only considered birds, mammals and amphibians.  While this yields interesting results, uncertainty still remains as to how extinctions affect ecosystem stability and what the relationship is between ecosystem diversity, stability and function (Hooper et al. 2005).  In other words, it is uncertain that a higher number of species that are sensitive to climate change will make necessarily make an ecosystem more vulnerable to it.  It is also important to keep in mind that climate change is one of the many threats facing species, and thus, EVCC4 cannot be considered in isolation for specific species.
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An improvement on the EVCC4 could consider tree and other vegetation distributions.  Focusing on the primary trophic level might also be more ecologically relevant when one is trying to link sensitivity and risk of extinction to ecosystem stability. 

The theory behind EVCC4 , while intuitive, is still new (Thuiller et al. 2005a) and is itself very uncertain.  Despite its inherent uncertainty, it still provides useful results about the distribution of species’ ranges while being a first attempt to link studies of climate change at the species level with an understanding of climate change vulnerability at the ecosystem level.  The facts that 1) EVCC4’s theory is rooted in many outstanding issues about our understanding of ecosystems, including the diversity-stability relationship, 2) that EVCC4 is easy to quantify and 3) that it can be applied practically makes it a metric worthwhile to investigate both for ecology and conservation. 

Table 3 Average EVCC4 rank per ecosystem type

	
	Average ecosystem patch area (m2)

	EVCC4 Rank
	Average species range
	Average species range and density

	1
	274771.59
	2850058.63

	2
	11219409.43
	55318330.35

	3
	21173321.81
	104512348.92

	4
	39363662.95
	174075080.23

	5
	244691013.67
	16272026.14


B. Overall EVCC index

Even though we provide justification in the weighting of each of the EVCCx values, the EVCC equation was still formulated somewhat arbitrarily.  The combination of all sub-index values is presented in the overall EVCC in Map 5.  A summary of individual EVCC sub-indices and the overall EVCC with statistics and rankings for ecosystem types is also provided in Appendix A. Mangroves had two of the the highest EVCC sub-indices, and the highest average overall EVCC was earned by “tropical evergreen swampy rainforests dominated by palms,” but the variance of that value is extremely high.  There are only seven patches of this ecosystem type, so the likelihood of an evening out of random variation is much lower than many other ecosystem types.  An important overall observation is that the ecosystems with the consistently high index values are mangroves, new coastal vegetation, swamps or marshlands, lowlands, and small islands.
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C. Applications of the index


Here we present and discuss the relationships between the EVCC index and the degree of human intervention, protected areas, and species richness and endemism.
1) Degree of human intervention

These results are based solely on the Environmental Authority of Panama (ANAM) and UNESCO’s descriptions of ecosystem types and their delineations on its ecosystem map. The mid-levels of intervention account for over half of the land in Panama. The areas with the highest levels of intervention (agroforestry, shrimp and salt production, and populated places) cover less than one-half percent of the land, but are should not be deemed insignificant because of the strong human interest placed in these systems (e.g., ecosystem services).We find ecosystems with a mid-level of intervention, “productive systems with less than 10% natural or spontaneous vegetation-type,” received the highest overall average EVCC, despite low EVCC4 values (which makes sense because this is a highly cultivated ecosystem type that has likely removed native species and decreased biodiversity).  The fact that this study has ranked this intervention level as the second most vulnerable according to climatic “space” is worth attention.  Farming relies upon climatic cycles that have been learned and adapted to for centuries, and the geographical locations of the patches of this agricultural ecosystem type are such that climate change projections illustrate some of the highest changes in temperature and precipitation.  High vulnerability in certain ecosystems with high intervention levels, namely “shrimp and/or salt production,” can mostly be explained by the combination of their close proximity to coastlines and the almost absent slope of the land.  The farming of shrimp and salt requires vast extents of flat land that are occasionally inundated by sea water at the highest high tides of the year.  Perhaps the most worrisome to policymakers is that the populated places have received the second highest overall average vulnerability, chiefly due to sea level rise vulnerability and in some cases severe changes in temperature and precipitation.
2) Protected areas

When comparing EVCC values inside and outside of protected areas, we find that some of the most vulnerable ecosystem types are also the ones with the least protection. Recalculating EVCC both inside and outside of protected areas allows for an evaluation of how the current protected area network accounts for ecosystem vulnerability to climate change according to the EVCC. The average EVCC should be higher within protected areas if the network generally protects more vulnerable regions.  If the average EVCC is higher outside protected areas, the protected areas network is inadequate in protecting those vulnerable areas.  We found the latter to be the case for the overall EVCC, EVCC1 and EVCC3. 

3) Species richness and endemism 

Species richness and endemism were calculated for each cell of a 10 x 10 km grid of Panama (right part of Figure 3).  For each cell, the overall EVCC was compared with a map of species richness and endemism to see if any patterns could be extracted or whether areas of high biodiversity also happened to be more vulnerable to climate change according to the EVCC.  Generally, correlations were found for neither species richness nor endemism, excepting for EVCC3 where regions of high endemism had a low score.


[image: image9]
Figure 3: Comparing the overall EVCC with patterns of species richness and endemism in Panama

VI. Conclusions
The objective of this project was to conduct a preliminary assessment of ecosystem vulnerability to climate change in Panama.  This project can not only be valuable for the conservation of biodiversity of Panama both also to other regions by providing a framework that can be followed to build EVCC assessments in other geographical locations. 


Again, the EVCC is a preliminary assessment and is far from perfect.  There are a number of issues that could be addressed to improve it and a number of uncertainties that need to be accounted for when applying the EVCC in policy-making.  We outline some of them here. 


First, certain types of data were unavailable at the time of the assessment but should preferably be included in future assessments if possible.  These include CCM scenarios other than “business-as-usual,” and higher climate resolution for the CCM and tree distributions. Moreover, islands are underrated in this assessment because of underlying issues in EVCC1 (such that an island’s overall elevation is misrepresented) and because many of them were not included in EVCC3 since they are so small.  Also, future climate for islands is harder to predict because of micro-climate issues brought by the surrounding water masses.  


Second, the EVCC can only be as good as its input.  There are a number of uncertainties in the accuracy of the data and thus, the results are not definitive.  Possible problems include the digital elevation model of sea level rise vulnerability, predictions of future climatic conditions and species distributions.  There are also uncertainties associated with the theories behind the EVCC.  Considerable efforts were put into including the latest scientific consensus on the effects of climate change on species and ecosystems, but these ideas are always evolving.  Likewise, it might well be that the four components selected to build the EVCC are not enough, or too much.  In general, studies like this performed in GIS should be used as indicators of where further research or conservation efforts should be directed.  These results cannot replace on-sight situation analyses, but at least such projects can pinpoint locations of high concern.  It is essential to use a comprehensive framework to address uncertainty in data and theory, especially in areas like climate change where these uncertainties are high. 

To conclude, EVCC has the potential to be a very interesting tool for conservation and ecology.  It is very much a work-in-progress and has been structured in a flexible way so that it can be easily improved.  One of the biggest challenges in using the EVCC in conservation will be to weigh its relative importance in comparison to other human drivers of biodiversity loss, such as like habitat degradation, over-exploitation of resources and invasive species.  Notwithstanding all the uncertainties associated with the EVCC, this is the first attempt at quantifying vulnerability to climate change at the ecosystem level and sets up a template that can be used directly or adjusted according to specific needs.  Because it estimates an important threat to ecosystems, climate change, which has often been over-looked in biodiversity assessments, can become a very useful tool for conservation.  
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Appendix A  Summary of individual (EVCC_1,2,3,4) and overall (EVCC_F) with statistics and rankings

A summary of individual EVCC sub-indices and the overall EVCC with statistics and rankings for ecosystem types is also provided in here.  This scoring scheme highlights the ecosystem types with both the highest sub EVCC values and highest average EVCC values.  The table is ranked by the overall score, and the most vulnerable ecosystem types are highlighted.  
	Ecosystem Type
	# patches
	Min_EVCC1
	Max_EVCC1
	Ave_EVCC1
	Var_EVCC1
	Min_EVCC2
	Max_EVCC2
	Ave_EVCC2
	Var_EVCC2
	Min_EVCC3
	Max_EVCC3
	Ave_EVCC3
	Var_EVCC3
	Min_EVCC4
	Max_EVCC4
	Ave_EVCC4
	Var_EVCC4
	Min_EVCC_F
	Max_EVCC_F
	Ave_EVCC_F
	Var_EVCC_F

	I.A.5.  Bosque de manglar
	137
	0
	14
	6.9
	11.9
	5
	10
	7.4
	1.4
	0
	16
	10.3
	13.7
	1
	5
	2.5
	1.0
	8
	40
	27.1
	33.8

	VI.B.3. Vegetación costera de transición sobre suelos marinos muy recientes
	5
	0
	10
	7.4
	17.3
	7
	9
	8.4
	0.8
	0
	17
	10.2
	39.7
	2
	3
	2.6
	0.3
	22
	32
	28.6
	15.3

	I.A.1.f.(2)  Bosque siempreverde ombrofilo tropical aluvial ocasionalmente inundado
	36
	0
	12
	3.4
	17.9
	4
	9
	6.5
	1.4
	0
	19
	13.0
	22.3
	1
	5
	3.5
	0.8
	12
	40
	26.4
	60.1

	I.A.1.g.(2)  Bosque siempreverde ombrofilo tropical pantanoso dominado por palmas
	7
	0
	10
	7.6
	11.6
	5
	8
	7.0
	1.3
	0
	18
	11.7
	38.6
	2
	5
	3.7
	1.6
	18
	38
	30.0
	61.0

	I.A.1.g.(3)  Bosque siempreverde ombrofilo tropical pantanoso dominado por Campnosperma
	8
	0
	8
	4.6
	10.6
	5
	8
	6.1
	1.0
	0
	18
	14.0
	40.9
	2
	5
	3.3
	0.8
	9
	35
	28.0
	69.7

	I.A.3.a.   Bosque semideciduo tropical de tierras bajas - bastante intervenido
	76
	0
	14
	2.2
	16.8
	4
	9
	6.2
	1.6
	0
	15
	8.3
	8.2
	1
	5
	2.9
	1.4
	10
	30
	19.6
	25.5

	I.A.3.a.   Bosque semideciduo tropical de tierras bajas – poco intervenido
	20
	0
	14
	3.2
	22.8
	4
	9
	6.4
	1.7
	0
	11
	6.9
	8.7
	1
	5
	2.9
	2.1
	12
	29
	19.4
	13.4

	I.A.3.a.   Bosque semideciduo tropical de tierras bajas
	59
	0
	14
	2.7
	16.4
	3
	9
	6.3
	1.5
	0
	15
	7.3
	14.3
	1
	5
	3.1
	1.5
	10
	30
	19.3
	16.1

	Isla menores de 140 hectareas
	530
	0
	14
	6.0
	33.4
	6
	9
	6.3
	0.3
	0
	18
	0.8
	8.7
	1
	5
	1.6
	1.3
	7
	38
	14.7
	41.6

	V.D.1.a. Pantanos de cyperáceas con abundante acumulación de material orgánico
	3
	0
	0
	0.0
	0.0
	6
	7
	6.7
	0.3
	11
	18
	13.3
	16.3
	3
	5
	4.3
	1.3
	23
	27
	24.3
	5.3

	SP.A. Sistema productivo con vegetación leñosa natural o espontánea significativa (10-50 %)
	60
	0
	10
	3.2
	15.7
	4
	9
	6.3
	1.3
	0
	18
	8.1
	15.9
	1
	5
	3.2
	1.7
	8
	37
	20.9
	43.1

	P. Poblados
	21
	0
	14
	3.9
	27.8
	5
	8
	6.8
	0.7
	0
	15
	8.6
	20.8
	1
	5
	3.1
	2.0
	16
	40
	22.4
	39.5

	I.A.1.d.(1)  Bosque siempreverde ombrofilo tropical latifoliado altimontano (1500-2000 m Car, 1800-2300m Pac) - medianamente interv. 
	1
	0
	0
	0.0
	0.0
	5
	5
	5.0
	0.0
	3
	3
	3.0
	0.0
	5
	5
	5.0
	0.0
	13
	13
	13.0
	0.0

	SP.B. Sistema productivo con vegetación leñosa natural o espontánea significativa (<10 %)
	46
	0
	12
	4.6
	16.0
	3
	9
	6.4
	1.7
	0
	15
	9.2
	16.3
	1
	5
	2.7
	1.6
	9
	34
	22.8
	29.6

	I.A.1.a.(1)  Bosque siempreverde ombrofilo tropical latifoliado de tierras bajas - bastante intervenido
	45
	0
	12
	3.5
	18.1
	4
	9
	6.5
	1.3
	3
	15
	8.9
	9.8
	1
	5
	2.8
	1.8
	12
	36
	21.8
	41.2

	I.A.1.a.(1)  Bosque siempreverde ombrofilo tropical latifoliado de tierras bajas
	77
	0
	12
	3.4
	16.0
	2
	9
	6.1
	1.7
	0
	17
	8.7
	15.0
	1
	5
	3.2
	2.1
	11
	32
	21.5
	26.4

	VI.D.  Albina con escasa vegetación
	1
	3
	3
	3.0
	0.0
	8
	8
	8.0
	0.0
	8
	8
	8.0
	0.0
	2
	2
	2.0
	0.0
	21
	21
	21.0
	0.0

	I.A.1.c.(1)  Bosque siempreverde ombrofilo tropical latifoliado montano (1000-1500m Caribe, 1200-1800 m Pacífico) - bastante intervenido
	14
	0
	0
	0.0
	0.0
	5
	7
	6.0
	0.8
	3
	13
	6.6
	8.7
	3
	5
	4.6
	0.4
	12
	25
	17.1
	11.1

	VI.A.d.  Flujo de lava con escasa vegetación
	4
	0
	0
	0.0
	0.0
	5
	7
	5.8
	0.9
	6
	14
	9.8
	18.9
	4
	5
	4.5
	0.3
	16
	23
	20.0
	12.7

	I.A.1.d.(1)  Bosque siempreverde ombrofilo tropical latifoliado altimontano (1500-2000 m Caribe, 1800-2300 m Pacífico)
	4
	0
	0
	0.0
	0.0
	5
	8
	6.0
	2.0
	3
	12
	6.5
	19.0
	4
	5
	4.5
	0.3
	13
	22
	17.0
	15.3

	I.A.1.b.(1)  Bosque siempreverde ombrofilo tropical latifoliado submontano (500-1000 m Caribe, 700-1200 m Pacífico) - poco intervenido
	2
	0
	0
	0.0
	0.0
	4
	6
	5.0
	2.0
	5
	6
	5.5
	0.5
	4
	5
	4.5
	0.5
	13
	17
	15.0
	8.0

	I.A.1.g.(1)  Bosque siempreverde ombrofilo tropical pantanoso dominado por dicotiledóneas
	5
	0
	9
	3.0
	18.0
	6
	8
	7.0
	0.5
	9
	11
	9.6
	0.8
	3
	5
	4.2
	0.7
	20
	32
	23.8
	25.2

	I.A.1.f.(2)(a)  Bosque siempreverde ombrofilo tropical aluvial, ocasionalmente inundado dominado por Prioria
	6
	0
	0
	0.0
	0.0
	5
	8
	6.2
	1.4
	9
	14
	12.2
	4.6
	3
	5
	4.0
	0.4
	18
	26
	22.3
	7.5

	I.A.1.a.(1)  Bosque siempreverde ombrofilo tropical latifoliado de tierras bajas - poco intervenido
	32
	0
	12
	1.7
	11.1
	4
	8
	6.3
	1.4
	5
	16
	9.4
	11.0
	1
	5
	3.8
	2.1
	15
	32
	21.2
	26.1

	V.C.2.b.  Vegetación de páramo
	2
	0
	0
	0.0
	0.0
	5
	6
	5.5
	0.5
	12
	13
	12.5
	0.5
	3
	3
	3.0
	0.0
	21
	21
	21.0
	0.0

	SP.C.  Sistema productivo acuático-camaronera y salina
	6
	0
	12
	4.7
	21.9
	5
	8
	6.8
	1.4
	0
	11
	7.3
	14.3
	2
	2
	2.0
	0.0
	19
	25
	20.8
	5.8

	V.E.1.a.2.  Pantanos herbáceos salobres
	4
	0
	8
	2.0
	16.0
	6
	8
	7.0
	0.7
	7
	12
	9.3
	4.3
	2
	4
	2.5
	1.0
	17
	31
	20.8
	46.9

	I.B.1.a.(1)  Bosque deciduo por la sequía, latifoliado de tierras bajas
	5
	0
	8
	2.8
	15.2
	4
	7
	5.8
	1.7
	6
	10
	8.2
	2.2
	3
	5
	3.8
	0.7
	17
	29
	20.6
	24.3

	SP.B.1.  Plantaciones forestales
	6
	0
	0
	0.0
	0.0
	6
	7
	6.3
	0.3
	7
	15
	10.8
	9.0
	2
	4
	3.2
	1.0
	17
	23
	20.3
	4.7

	V.A.2.d.  Sabanas arboladas de graminoides cortos inundables
	5
	0
	6
	1.2
	7.2
	6
	8
	7.0
	0.5
	7
	12
	9.6
	3.3
	2
	4
	2.4
	0.8
	19
	23
	20.2
	3.2

	VII.B. Carrizales pantanosos y formaciones similares principalmente de Typha
	5
	0
	0
	0.0
	0.0
	4
	7
	5.4
	1.8
	9
	11
	10.0
	1.0
	4
	4
	4.0
	0.0
	17
	21
	19.4
	3.3

	I.A.1.f.(2)  Bosque siempreverde ombrofilo tropical aluvial ocasionalmente inundado - medianamente intervenido
	1
	0
	0
	0.0
	0.0
	5
	5
	5.0
	0.0
	11
	11
	11.0
	0.0
	2
	2
	2.0
	0.0
	18
	18
	18.0
	0.0

	I.A.1.c.(1)  Bosque siempreverde ombrofilo tropical latifoliado montano (1000-1500 m Caribe, 1200-1800 m Pacífico)
	18
	0
	0
	0.0
	0.0
	4
	8
	5.6
	1.3
	3
	14
	8.2
	14.9
	2
	5
	3.9
	1.3
	10
	24
	17.8
	16.8

	I.A.1.e.(1)  Bosque siempreverde ombrofilo tropical latifolado nuboso (2000-3000 m Caribe, 2300-3000 m Pacífico)
	3
	0
	0
	0.0
	0.0
	6
	6
	6.0
	0.0
	5
	9
	7.3
	4.3
	3
	5
	4.3
	1.3
	14
	20
	17.7
	10.3

	I.A.1.b.(1)  Bosque siempreverde ombrofilo tropical latifoliado submontano (500-1000 m Caribe, 700-1200 m Pacífico) - bastante interv. 
	21
	0
	0
	0.0
	0.0
	3
	8
	5.6
	1.5
	4
	13
	8.0
	10.6
	2
	5
	3.8
	1.8
	12
	22
	17.4
	11.4

	I.A.1.b.(1)  Bosque siempreverde ombrofilo tropical latifoliado submontano (500-1000 m Caribe, 700-1200 m Pacífico)
	27
	0
	0
	0.0
	0.0
	3
	8
	5.7
	1.4
	2
	14
	7.6
	11.2
	2
	5
	3.5
	1.1
	9
	24
	16.9
	13.5

	I.A.1.c.(1)  Bosque siempreverde ombrofilo tropical latifoliado montano (1000-1500 m Caribe, 1200-1800 m Pacífico) - poco intervenido
	1
	0
	0
	0.0
	0.0
	5
	5
	5.0
	0.0
	6
	6
	6.0
	0.0
	4
	4
	4.0
	0.0
	15
	15
	15.0
	0.0


Appendix B  Distribution of average overall EVCC values for each ecosystem type


[image: image10]
1. Distributions are ranked according to their area relative to that of other species of their group 





2. For each ecosystem patch and for each of the three groups, the average of the ranks of the species occurring in the patch is calculated











3. The resulting average rank for each group is divided by species density and ranked against those of the other ecosystem patches. 





Distributions of all mammals, birds, and amphibians species found in Panama
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EVCC3: Climatic “space” of ecosystems 





Map 3





EVCC4 – Species sensitivity 





Map 4





Map 5








vs.














Authors’ Addresses:





� Water Center for the Humid Tropics of Latin America and the Caribbean (CATHALAC). 111 Ciudad del Saber, Clayton, Panamá, Republic of Panamá, Tel: (507) 317-3200, � HYPERLINK "http://www.cathalac.org" ��http://www.cathalac.org�, � HYPERLINK "mailto:eric.anderson@cathalac.org" ��eric.anderson@cathalac.org�





� Sea Around Us Project Fisheries Centre Aquatic Ecosystems Research Laboratory (AERL). The University of British Columbia. 2020 Main Mall, Vancouver, British Columbia V6T 1Z4, Canada, � HYPERLINK "mailto:l.boyer@fisheries.ubc.ca" ��l.boyer@fisheries.ubc.ca� 





PAGE  

[image: image13.jpg]


[image: image14.png]o
—m

i
-
= 01 mapadeveq_Prota_proportion
Proa_y_Tot

[10.000000 - 0.098518
(10098519 - 0.197036
[10.197037 - 0.295555
(10205556 - 0394073
394074 - 0.452591
(10492592 - 0591109
0591110 - 0.689627
9 0.639628 - 0.788146
I 0.788147 - 0.836664
I 0.836665 - 0.985182
= 01 mapadevegetacion_Dissolve
=]
= 01 mapadeveq_Prata_Clp_singlep
=]
£ 00 mapadeveg_Prota_Clip_singlepart
=]
= O mapadevegetacion_Clip
=]
00 prot_areas_PH_Clipt
]
=00 prot_areas PH
[m]

mapadevegetacon

Display [[Souce ] Selecton

[eows~ [N 0 @ O A~ Zl@m =M= s 7y

i

5

5

14

B

iz

I

o2

EVCC1 Values

02345678 9101121314

@ Map_EVCC1 - ArcMap - Arclnfo ==
T ——
e v | X | 2]7] e [Gemenenremne =] S| 0|3 B sredsro - [ 0 [E B OB &
DSEHE + = @7 o |¢[zmm o4 Sds0k | @axs ERT RN e )
4] [ I B |3 Lavout B B 110 ] A
5 B Layers BRH BEEDE =6 - BE &
= ¥ [EVEC SummaryV2
crect -
Clo
Oz
Os &
O
s

0 20 40 80 120 160
Kilometers

Save the current map with a new name.

10,26 2.73 Inches



[image: image15.png]@ Map_EVCC - ArcMap - Arcinfo ==

el e ——

[» [#~ o] = | vewen | =EEE

SHS| ) BB |0 | |1z E
[

Edtor

(u]

[[ras

s B e 0 B

FAEE TN R EXCICIEIL e T — Y
= = Hroyou D 5 T |

Layers REB BEEOE|EEFE -] BE @

evcc sunmaryiz
eice Fral -
1
s

&

Ir

5

5

N
P
%ﬁ\
LI \\'/,
= O mapsdeveq_roth sroperton s
Pron v Tot

[10.000000 - 0.098518
10098519 - 0197036
[710.197037 - 0.295555
[710.295556 - 0.394073
E——
4azss2 - 0591108
S91110- 0669627 u EVCC Values
603625 - 0700146
760147 - 0 508664

0856665 - 0.985182 7 8 91011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 38 40

= O mepadevegstacion_Dissolve
=]
= O mepadsveq_Prota_Cip_singlep

iz

120
Kilometers =

i

veq_pro_Cip st [v]

-
ity [ ] o g = 0 « | 5

T 024 8.67 Inches.



[image: image16.jpg]


[image: image17.png]Total Numer of Endemic Spacies per 10km Call




[image: image18.png]‘Speces Richness per 10km Cell

A

N

-,




[image: image19.jpg]


[image: image20.jpg]


[image: image21.jpg]o

evees




_1239184782.unknown

