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Supplemental information 

Details of species classification for Table 1

Ref# 24,25,43:  Percentages estimated from figures in published literature

Ref# 54,55,56:  Studies of changes in treeline restricted to those incorporating dynamics at treeline boundary and details of 20th c. decadal change. 

Ref#36: Changes in "warm-temperate" and "cold-temperate" groups classified as "no prediction" because 1) study area  not at biogeographic boundary of either group (see methods) and 2) they contain high proportions of nitrophilous species, confounding effects of climate change with those of nitrogen pollution.


Ref#57:  Area for all species = continental, but data for any one species is often only the northern or southern range  boundary = regional.  The six species in 'no prediction' category did  not fit into N/S groups and have expanded in E-W directions or along all range edges.

Ref#16: Numbers are from raw data obtained from J. J. Lennon.  A change of less than 10 km (i.e. less than one mapping grid square) in the range margin is classified as stable.

Ref#17: One species expanded at both its northern and its southern edges, increasing its total geographic range (='no prediction').  Data from single range boundaries of 57 species includes the 35 species listed above.

Ref#34:  Each group is one of 6 biogeographic associations ranging from warm-temperate waters (southern Atlantic) to boreal waters (Arctic).
Details of the Thought Exercise on Global Coherence.

A Structural View of Global Coherence.


Figure SI.1 depicts one stylized view of the current state of knowledge in the search for the "climate fingerprint".  Changing climate is shown there as the single common element in a collection of possible explanations for observed impacts that have been reported in n separate species of disparate taxa located in geographically distinct areas.  The same situation can be depicted formally by letting



       Ii  = fi { (Ci ; Xi ) ; i = 1, …, n



(SI.equation1)

represent hypothesized causal relationships for each of the studies portrayed in Figure 1.  For i = 1,…n, in particular, let Ii designates the observed impact, (Ci reflect the local manifestation of a change in the climate, and Xi represent perhaps a vector of other possible non-climatic causes.  Equation (1) thereby depicted the attempts to explain impacts that have been observed in many species or in whole biological systems (such as in a particular coral reef) that are often located in geographically distinct areas.  The key is that changes in local climate are listed as the common element across the suite of studies.


The notion of global congruence is easily described in this context.  Suppose, for the sake of argument, that for many of the species, statistically significant correlations existed between climate trends and observed biological changes and that were consistent with some mechanistic understanding of how these various systems should respond to climate change.  Since changing climate, the (Ci, would be the single common driving element across multiple studies, the argument continues, consistent agreement with anticipated impact correlations across species represents "a preponderance of evidence" in support of the conclusion that the first early impression of the "climate (change) fingerprint" has been identified.  Competing explanations expressed in terms of the Xi vectors may be possible, but the argument holds that it is extremely unlikely that a diverse set of non-climatic elements would produce such a consistent pattern of impact over space and time.  This thought exercise examines the strength of this claim from a probabilistic perspective.


We begin with the assumption that n species or biological systems (e.g. coral reefs) have been analyzed for changes over the past century.  There are two different outcomes for each analysis.  Reported changes may display effects in directions that would be expected as a reasonable response to climate change; or they might push in directions that are contrary to current expectations.  We let:

n' = number of species/systems which show changes which are opposite to those predicted by climate change scenarios 

so that 

(n-n') = number of species/systems which show changes that are in accord with climate change predictions and 

n'/n = proportion of observations which run counter to climate change predictions (i.e. n' as a proportion of total species/systems).  
We suppose, as well, that 

p = the probability that climate change is the only possible causal agent of the observed biological change in any of the (n-n') species/systems that conform to climate change predictions

so that

(1-p) = the probability that there is at least one competing explanation (i.e., some other confounding variable(s) exist which could have driven the biological system in the same direction as expected from climate change).

Competing explanations could, therefore, be expected in {1-p)(n-n')} of the reported analyses.  It is in these cases where analysts and assessors alike have to account for alternate (non-climatic) explanations for a given observed change.  Finally, we let

( = the probability that climate change is the correct causal agent (regardless of how many competing explanations exist).  This probability stems from prior empirical studies on the mechanistic links  between climate variables and a given biological system.

for any of the (n-n') climate-conforming species in which competing explanations do, in fact, exist.  The distribution of the number of species for which changing climate should be correctly identified as the source of the observed impacts that conform with expectations would then be binomial with a driving probability of 





p + (1-p) ( = p + ( - (p



(SI.equation2)

operating on (n - n') possibilities.

Figure SI.2a&b depict contours for selected values of p that display relationships between the n'/n proportions and the minimum value of ( that would sustain these different degrees of confidence.  In the first, contours that support a "medium" (i.e., 50%) level of confidence in attributing a climate change fingerprint across a suite of observational studies are displayed; and in the second, contours that would support "high" and "low" levels are drawn.   The contours in Fig. SI.2a show, for the indicated values of p, minimum values of π that would be required across the applicable range of (n'/n) proportions to guarantee that 50% of the observed species impacts were in truth being driven by climate change. Looking at thresholds of this sort makes it clear that specific degrees of confidence in the global coherence argument can be achieved by a multitude of different outcomes.  Notice from Fig. SI.2a, for example, that the 50% threshold would be guaranteed even with ( = 0 if two-thirds of the climate-conforming species had no competing explanations (i.e., if p = 0.67) and n' ( yn, where y solves





    (1-y)[0.67 + ((0.33)] ( 0.5.

The 50% threshold of confidence could, in words, be achieved in this case even if the likelihood of correct attribution to climate in studies with competing explanations were equal to zero.  The proportion of species in the sample that reported results that ran counter to climate change predictions would then have to be smaller than 25%.  

To see how these contours can be interpreted, suppose for the moment that a review of climate impact analyses showed that competing explanations could be expected in 67% of the cases in which predicted climate correlations were observed; i.e., assume that p = 0.33.  Fig. SI.2a then shows that it would be more likely than not that climate was the source of a global pattern of species impacts if the literature review could conclude that the applicable ( was higher than the values shown along the middle threshold.  If as many as 90% of the reported species impacts were moving in the direction expected by climate change (i.e., if (n'/n) < 0.1), for example, then the probability of correctly attributing observed impacts to climate change within any single species could be as low as 35%.  If the proportion of species moving in the 'climate change' direction were only 50%, though, then assessors would have to conclude with absolute certainty that for each of the remaining species, climate change was the driving force (i.e., that ( = 1.0) to find 50% confidence in a climate fingerprint.

Figure SI.2b meanwhile explores the IPCC "degrees-of-confidence" criteria in plotting low-confidence and high-confidence contours for the same values of p as Fig. SI.2a.  They depict minimum values for ( that would be required, for varying (n'/n) proportions, to guarantee that the expected value of the number of species accurately identifying the "climate fingerprint" would equal to 33% and 67% of the total number of species, respectively.  As in Fig. SI.2a, all of the contours converge to points for which complete certainty would be necessary in correctly identifying climate-impact causality; these are the contour limits showing (n'/n) proportions approaching the 0.33 and 0.67 benchmarks for low and high confidence, respectively.  The contours for p = 0 show, for example, that claiming the "climate fingerprint" in the face of low values for p (i.e., for high likelihoods that the non-climate Xi offer competing explanations for the {(1-p)(n-n')} species) would require relatively high minimum values for ( regardless of (n'/n).  Indeed, high confidence in such a case could be achieved only for minimum ( values in excess of 67%.  On the other hand, these contours also suggest that relatively high values for p could provide significant latitude for ( over large ranges for the (n'/n) proportion.

It should be noted in passing that Figure SI.2 has been drawn from a simulation for which n was set at 40 species.  The expected value calculation for the contours is, however, a function of the (n'/n) proportion and so it is independent of the value chosen for n.  The values chosen for p are inspired by the IPCC confidence thresholds; so they take three values:  0.00, 0.33 and 0.67.  If p = 1.0, then there would be no climate-consistent species with competing explanations, and the contour would be a vertical line at (n'/n) = 0.5; at least 50% of the species would then have to demonstrate climate-impact correlations that were consistent with expectations. 
A Mitigating Complication

The preceding section assumed that the Xi were entirely independent.  If, by virtue of their being driven by some temporal change in a common non-climatic source, ( (( 100) percent of the (n-n') critical species were perfectly correlated, however, then the binomial distribution for independent trials described above would apply to only [(1 - ()(n - n')] species.  The remaining [((n -n')] species would function as a single binomial trial with probability [p + ( - (p].  Under such conditions, in order to attain high confidence in the climate change fingerprint, not only would most (>67%) of the species have to show change in the expected direction, but the likelhood of correct attribution of the change to climate would have to exceed 60% for each species. 

Figure SI.3 displays contours for the IPCC-TAR High and Low Confidence contours for ( = 0.33 and p = 0.00 and 0.33.  The tradeoffs between ( and the (n'/n) proportions are much more gradual than before.  It follows that high confidence would, in these cases, be much more to sustain.  The higher contours show, for example, that high confidence would still require that more than 67% of the species conformed with climate-impact expectations.  In addition, however, high confidence would also require that the likelihood of correct attribution exceeded 63% or 67% if p = 0.33 or p = 0, respectively, even if the (n'/n) proportion were zero.  The Low-Confidence contours meanwhile show that wider combinations of attribution likelihood and (n'/n) proportions would be sufficient as long as at least 33% of the species conformed with climate-impact expectations.  The smallest values for ( that would suffice when (n'/n) = 0 are 0.25 and 0.33 for the two assumed values for p; but these thresholds are still higher than those depicted in Figure SI.2b

A Differentiating Diagnosis

The news from Figure SI.3 was not good for those who striving to detect a "climate fingerprint" from a diverse climate impacts literature.  It is possible, though, that some of the (n-n') species with consistent climate-impact correlations might offer some relief.  Suppose, more specifically, that impacts moved in one direction at one extreme of the study region (e.g., species extinction along the southern frontier) and another direction at the opposite extreme (e.g., species expansion along the northern frontier).  Credible explanations of such an impact pattern would then have to be able to "switch sign" across the study region if they were to be consistent with our mechanistic understanding of systems' processes.


Suppose, to explore the implications of these supplementary observations, that ( (( 100) percent of the critical (n- n') species exhibited sign-switching responses uniquely predicted by climate change.  Statistically significant climate change explanations could then be accepted without competition in [((n - n'] cases (i.e. Xi do not exist); and the binomial distribution would apply only to the other [(1 - ()(n - n')] species.  Figure SI.4 depicts IPCC-TAR High-Confidence and Low-Confidence contours that incorporate the implications of this insight for ( = 0.33 and 0.67 with p = 0.00 and 0.33.  Ranges that distinguish between the IPCC confidence contours are, in these case, determined more by the proportion of species that conform to climate-impact expectations.  The largest tradeoff between (n'/n) and ( is, indeed, associated with p = 0 and ( = 0.33.  High confidence would still require climate to impact consistency in more than 67% of the species (i.e., (n'/n) ( 0.33), but the contours are more steeply sloped than in Figure SI.3.  Low confidence threshold could be achieved by demonstrating consistency in as few as 33% of the species (again, (n'/n) ( 0.67), as expected, but sensitivity to reductions in (n'/n) is exagerated.  The power of this sort of differential diagnosis in discerning a credible "climate fingerprint" could, in short, be quite significant once fundamental thresholds are achieved in the proportion of species supporting expected climate-impact correlations.

The Complication of Missing Studies

Interpretations offered thus far have assumed, implicitly at least, that the diversity captured across the full collection of studies were, in some sense, drawn from a representative sample of reality.  It is possible, however, that the sample of species of the sort depicted in equation (1) might display a bias toward finding a "climate fingerprint".  Such a bias might have been caused by researchers' or editors' reluctance to publish inconclusive or contrary results.  Or it might have been caused by researchers' conducting only those studies where anticipated climate-impact correlations were most likely to be found.  The effect of such a bias, regardless of source, can be captured here by tracking their effect on the distribution of species included in the critical (n'/n) proportion.

To see how, let Z represent the number of species that were not included in the baseline collection of n species either because they were not published or not completed.  Assume, in addition for the sake of argument, that (Z of these species would have shown either no climate-impact correlation or a correlation that did not conform with our understanding of how such a correlation should work.  These (X species would, in other words, have been included among the n' contrary species.  In that case, (n'+(Z)/(n+Z) would be the appropriate proportion against which to judge the various confidence contours.  Letting z = (Z/n) represent the number of these omitted species as a proportion of the original sample,


           (n'+(Z)/(n+Z) = {(z + (n'/n)}/{z + 1}

captures the sensitivity of the appropriate proportion to assumptions about z.  

Figure SI.5 displays contours relating the observed (n'/n) ratio to the more appropriate ratio for various values of ( given z = 1; i.e., assuming that the number of studies that have not (yet) seen the light of day matches the number included in the original sample.  The implications, taken in light of the (n'/n) limiting thresholds that emerge along the top portions of Figures SI.2 through SI.4, can be quite significant.  These threshold are identified in Figure SI.5 by the two horizontal lines where the modified proportion equals 0.33 and 0.67 for high and low confidence, respectively.  They are, of course, the absolute thresholds that would apply if there were no chance of incorrectly attributing an observed climate impact to a competing explanation.  The ( = 1 contour would, for example, be relevant if none of the missing species would confirm a climate explanation.  It shows that the raw proportion for the original collection of species could never be low enough to cross over the high confidence threshold; and it would have to be lower than 0.33 to cross into the region in which even low confidence could be advanced.  

All of the missing news need not be bad, though.  It is, of course, possible that some of the missing species would also produce results that would be consistent with the climate fingerprint, and slight adjustment to the interpretation of the contours of Figure SI.5 can accommodate this possibility.  Suppose, for example, that z = 1.0 and that 50% of the missing species were expected to produce results consistent with a climate explanation of an observed impact.  Setting ( = 0.5 would then apply; and raw (n'/n) proportions less than 0.16 would be sufficient to make the high confidence threshold achievable.  If  ( = 0.33, to continue the theme, then a raw (n'/n) proportion for the original sample of species equal to 0.33 would be sufficient.


The fundamental question raised in this final subsection is simple.  Suppose that there are N potentially vulnerable systems of which N' are likely to affected by climate change.  Suppose, as well, that there are studies on n species of which n' exhibited climate-impact correlations that are consistent with a "climate fingerprint".  The question focuses on the degree to which (n'/n) is an unbiased or at least consistent estimator of (N'/N).  There are many potential sources of bias.  As well as publishing biases, there are genuine difficulties with detection.  Noisy or limited data would, for example, produce many false negatives even with strong climate-impact correlations.  One the other hand, if climate and species are non-stationary over time, simple statistical analysis might produce many false positive results.  These possible sources of bias and error were minimized in this review by focusing on long-term, large-scale,  multi-species studies.

Perhaps the best insight to be drawn from this final exercise is that defining both the boundaries and the members of the original sample of studies is absolutely critical in determining the degree of confidence with which the global coherence argument can be applied.  Done with care, the global coherence might be advanced with middle or high confidence in detecting the "climate fingerprint" for specific species from well-documented samples of focused studies.  Why?  Because the dimension on N would be limited by the focus so that the degree to which the original sample of n species might be representative of the climate-impact links across N might be fairly judged.  The claim, then, would not be one of discovering a ubiquitous fingerprint across all areas where climate models offer impact predictions.  It would, instead, be a claim of having identified a trace of the fingerprint for a specific impact with a defensible degree of confidence that can be that advanced as a legitimate source of concern and as motivation for looking further.

