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Appendix 1. Detailed results of literature review 1 

Evaluation of articles 2 

Table A1 shows the different categories we used to describe each study. We first recorded a 3 

number of basic descriptors such as the year of publication, the journal, the ecological object 4 

(e.g., trees or fire events), the vegetation type, and how SPPA was used (e.g., if specific 5 

hypotheses were tested or if the study presented mainly a new method). Next we recorded 6 

details on the basic elements of SPPA (i.e., data types, summary statistics, null models, data 7 

comparison, and heterogeneity). Finally, we also recorded the software used for the point 8 

pattern analysis.  9 

 In some cases we simply report the relative proportion of studies that fall into the 10 

different categories shown in Table A1; however, in other cases we were interested in the 11 

temporal development of the use of different elements of SPPA. In these cases we used an 12 

index C(t, c) that gives the proportion of all studies published up to year t that fall within a 13 

given category c. We estimate this “proportion of cumulative studies” as C(t, c) = P(t, c)/a(t) 14 

where P(t, c) is the number of cases where category c applied up to year t and a(t) is the 15 

number of articles in our sample published up to year t. Some of the categories were non-16 

exclusive so that the index C(t, c) may add up to a value larger than one. Because only eleven 17 

studies in our sample were published before 1997 (Fig. 1A), we estimated C(t, c) only for 18 

years 1997 to 2012.  19 

 20 

Results  21 

General descriptors 22 

In the 1980s just a few studies applied modern techniques of SPPA to ecological questions 23 

(e.g., Galliano 1982, Sterner et al. 1986, Getis and Franklin 1987, Kenkel 1988). By the 1990s 24 

such studies appeared more regularly, becoming increasingly common from 1998 onwards 25 

(Fig. A1a). Study sites were spread over most of the globe with some local clusters in central 26 
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Europe (Fig. A1b). The 308 Studies on SPPA analyzed here were published in 92 different 27 

journals, but the distribution of studies over the journals was highly skewed; nine journals 28 

accounted for half of the studies, with Journal of Vegetation Science (39 studies), Forest 29 

Ecology and Management (38), and Plant Ecology (21) being the journals where most of the 30 

studies were published. When looking at categories of journals publishing more than 5 31 

studies, we found that 71 studies were published in journals focusing on plant ecology, 62 32 

studies were published in forestry journals, and 54 in general ecology journals (e.g., 33 

Ecography, Ecology, or Acta Oecologica). The ecological objects studied closely mirrored the 34 

subject matter of the respective journals, with an overwhelming number of studies conducted 35 

on trees (203), followed by shrubs (26), animal structures or captures (24), herbs (21) and fire 36 

events (8). Most of the studies of vegetation were conducted in forests (175), primarily in 37 

temperate latitudes (113). A small number of studies were also conducted in areas of semi-38 

arid vegetation (22) and Mediterranean climate (19) (Fig. A1c). Approximately half of the 39 

studies analyzed point patterns with relatively few points (< 100), but the other half 40 

considered 100 to 800 points (Fig. A1d). Although the analyses were conducted with spatially 41 

explicit data, only 62% of the studies contained at least one map of the point patterns.  42 

 When looking at the way SPPA was used in the 308 articles, we found that most 43 

articles (170) tested a hypothesis, 91 articles addressed specific ecological questions, and 46 44 

articles predominantly presented new methods or tested new methods. The proportion of 45 

articles that tested methods decreased after 1998 (blue symbols in Fig. A2a) and those 46 

presenting new methods increased after 2000 (green symbols in Fig. A2a).  47 

 48 

Data types 49 

Most of the studies examined presented analysis of univariate patterns (82%). In contrast, 50 

44% considered bivariate patterns, 21% qualitatively marked patterns, and only 6% of studies 51 

considered quantitatively marked and multivariate patterns (Fig. A2b). The relative 52 
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proportions of the different types of analyses also did not change much over time (Fig. A2b). 53 

A large proportion of the studies analyzed several data types. Thirty-nine percent of the 54 

papers analyzed both uni- and bivariate patterns, and 16% analyzed univariate and marked 55 

patterns. 56 

 57 

Summary statistics 58 

Authors have used a considerable variety of summary statistics, and have often adapted 59 

existing ones to better accommodate their specific needs. However, a majority of studies 60 

(75%) used K- or L-functions as summary statistics, 53% of them exclusively (Fig. A2c). In 61 

contrast, summary statistics of the pair-correlation function family, which are often more 62 

informative, were used in only 27% of all studies. Indices were used in 11% of the studies and 63 

nearest neighbor distribution functions in 10% (Fig. A2c). Use of multiple summary statistics 64 

was not widespread; 10% of the papers examined combined the K- and g-families of statistics, 65 

but only 6% used K- or g summary statistics together with other summary statistics (Fig. 66 

A2c). Early exceptions are the studies by Sterner et al. (1986) and Barot et al. (1999).  67 

 Figures A2d and A2e show how the use of the different summary statistics changed 68 

over time. During the last ten years, the proportion of articles using K(r) or L(r) functions has 69 

decreased while the number of those using g(r) functions or functions adapted for 70 

quantitatively marked or inhomogeneous patterns has increased (Fig. A2d). Regarding the 71 

different types of summary statistics, indices and nearest neighbor summary statistics were 72 

frequently used before 2000, but their use has strongly declined since then (Fig. A2e).   73 

 74 

Edge correction 75 

Roughly one quarter of all studies did not clearly state the edge correction method used (Fig. 76 

A2f) and often referred to papers that presented several edge correction methods. In 8% of the 77 

studies the authors did not use edge correction, whereas 8% and 4% of studies (mostly old 78 
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ones) used minus- or plus sampling edge correction, respectively (Fig. A2f). In most of the 79 

studies, various pairwise-weighted edge correction (41%) and global edge correction (21%) 80 

methods were used. After 2003, the proportion of studies using pairwise-weighted edge 81 

correction methods declined somewhat at the expense of global edge correction methods (Fig. 82 

A2f), especially within the context of the use of the software Programita.  83 

 In general, the problem of edge correction, which occupied authors of earlier studies, 84 

has been mostly resolved. Recent textbooks (Illian et al. 2008, Wiegand and Moloney 2014) 85 

now provide a detailed treatment of the different options for uni- and bivariate patterns. 86 

Pairwise-weighted and global edge-correction methods provide generally similar results in the 87 

estimation of second-order summary statistics. 88 

 89 

Null models 90 

Most of the 254 studies that conducted univariate analysis used CSR as the null model (86%) 91 

(Fig. A3a). In contrast, only 15% of all univariate studies used CSR in combination with 92 

another univariate null model or point process model. More than half of all studies 93 

exclusively used the CSR null model in combination with the K-function family of pattern 94 

analysis (Fig. A3a). Surprisingly, the use of null models other than CSR has only recently 95 

become more frequent in univariate analyses (Fig. A3a). The heterogeneous Poisson process 96 

(HP) was used in 15% of all univariate studies, and cluster processes in 8%, while only 5% of 97 

the studies analyzing univariate patterns did not clearly state the null model used. 98 

 The most frequent null model used in the 135 studies conducting bivariate analysis 99 

was the toroidal shift (39% of the studies), followed by bivariate CSR (33%). Both null 100 

models were frequently used over the entire period examined by this review (Fig. A3b). One 101 

quarter of all bivariate analyses considered structural constraints, such as an antecedent 102 

condition, but the bivariate, heterogeneous Poisson process model was rarely used (9.6% of 103 

the studies). It is also interesting that 14% of all bivariate studies modified widely used null 104 
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models to better respond to their specific questions and hypotheses. However, 26% of all 105 

studies that conducted bivariate analysis did not clearly state the null model used (Fig. A3b). 106 

Sixty-four studies used random labeling correctly for qualitatively marked patterns, but eleven 107 

studies confused the null models for independence and random labeling. 108 

 109 

Data comparison 110 

The overwhelming majority of studies (93%) used Monte Carlo simulations, and 12% of all 111 

studies also used a goodness-of-fit test (GoF) to assess the overall fit of the null model over a 112 

distance interval of interest. Several studies mentioned the GoF test, but did not use it because 113 

of the exploratory character of the study. Interestingly, the proportion of cumulative studies 114 

using the GoF test dropped to 6% in 2003 but since 2004, it has constantly increased up to 115 

12% (Fig A3c). Because the Monte Carlo simulations are stochastic, there is some uncertainty 116 

in the assessment of the simulation envelopes, especially if less than 100 simulations are used. 117 

The number of simulations used by the authors in the null model strongly varied. In most 118 

cases it was between 200 and 1000 (34 % of published articles) or between 20 and 100 (32%). 119 

However, 6% of all studies did not provide the number of simulations (Fig. A3d). 120 

 121 

Heterogeneity 122 

We found that, up to 1998, approximately 80% of studies were conducted for homogeneous 123 

patterns, but this proportion dropped to 50% afterwards (black symbols in Fig. A3e). The 124 

proportion of studies that overlooked heterogeneity (blue symbols in Fig. A3e) and studies 125 

that recognized it but used homogeneous techniques (yellow symbols in Fig. A3e) accounted 126 

for 14% and 13% of all cases, respectively. In contrast, studies considering heterogeneity in 127 

the point pattern methods increased after 2005, making up one quarter of all cases (green 128 

symbols in Fig. A3e). Finally, studies that exhibited indications of virtual aggregation made 129 

up one quarter of all studies. This reached a peak of 33% in 2000, but then declined due to the 130 
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increasing consideration of techniques accounting for various aspects of heterogeneity (Fig. 131 

A3e). Interestingly, out of the 159 studies that conducted the simplest analysis (i.e., used the 132 

K-function family together with CSR for univariate patterns), 50% were conducted for 133 

homogeneous patterns, but 38% of these studies showed virtual aggregation.  134 

 135 

Software 136 

Appendix 4 in Supplementary material shows the references and links for the most frequently 137 

used software programs. The most used software in the 308 studies examined was Programita 138 

(56) (Wiegand and Moloney 2004, 2014) and spatstat (46) (Baddeley and Turner 2005), 139 

which appeared after 2005. All other packages were used in less than 8% of all studies (Fig. 140 

A3f). However, 23% of all studies (71) did not specify the software used. 141 

 142 

Additional references  143 

Galliano, E.F. 1982. Pattern detection in plant populations through the analysis of plant-to-all-144 

plants distances. - Vegetatio 49:39–43. 145 

Getis, A. and Franklin, J. 1987. Second-order neighborhood analysis of mapped point 146 

patterns. - Ecology 68: 474–477. 147 

148 
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Table A1. Descriptors and categories used to characterize how the reviewed studies used the five key 149 
elements of spatial point pattern analysis in ecology (bold, numbers 1 to 5). The different categories 150 
under each key element are given in italics and normal fonts.  151 

Basic descriptors of papers 3) Null models and point process models 
 year of publication  Univariate 
 journal   homogeneous Poisson  (CSR)  
 number of points   cluster processes  
 map of pattern included (yes, no)   heterogeneous Poisson (HP) 
 location of study area   others  
 ecological object*   not specified 
 vegetation type †  bivariate  
 Use of SPPA   antecedent condition  
  hypothesis testing   toroidal shift  
  answer specific question   homogeneous Poisson  (CSR)  
  method presentation   heterogeneous Poisson (HP) 
  method test   other  
     not specified 
1) Data types  qualitatively marked patterns  
 unmarked   random labeling  
  univariate   not specified 
  bivariate   wrong selection of independence 
  multivariate    
 qualitatively marked 4) Data comparison 
 quantitatively marked  Monte Carlo methods (yes, no) 
    Number of simulations 
2) Summary statistics  Goodness-of-fit test (yes, no) 
 indices     
 second-order summary statistics 5) Heterogeneity 
  K(r) or L(r)   homogeneous 
  g(r) or O(r)  heterogeneous, but not recognized  
  inhomogeneous versions  heterogeneity recognized, no specific method 
 nearest neighbor summary statistics   Heterogeneity recognized, specific methods 
 mark connection or mark correlation functions  virtual aggregation (yes, no) 
 others    
 Edge correction Software 
  minus sampling  not specified 
  plus sampling  Programita (Wiegand and Moloney 2014) 
  pairwise weighted edge correction  Spatstat (Baddeley and Turner 2005) 
  global edge correction  SPPA (Haase 2001) 
  no edge correction  ADE (Thioulouse et al. 1997) 
  not specified  other       

* trees, shrubs, herbs, animal captures or structures, fire events, others 152 
† alpine, boreal forests, dry tropical, Mediterranean, semi-arid land, subtropical forest, temperate 153 
forest, wet tropical forest, others, several types. 154 

155 
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Figure A1. Basic descriptors of the 308 articles using point pattern analysis in ecology and 

related disciplines over the 1992-2012 study period. (a) Number of studies published per year 

included in our analysis. (b) Geographical location of the 308 articles using point pattern 

analysis in ecology and related disciplines. (c) Number of studies performed in different 

vegetation types. (d) Frequency distribution of the number of points in the patterns.    

157 
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Figure A2. Use of spatial point pattern analysis, data types, summary statistics, and edge 

correction methods in the 308 studies analyzed. Temporal change in the proportion of articles; 

(a) that tested hypotheses, answered specific questions, or presented/tested new methods, (b) 

that analyzed different data types. (c) Proportion of articles that used a given summary 

statistic or a combination of summary statistics; inhomogeneous refers to inhomogeneous 

second-order summary statistics, and mark functions to mark correlation and mark connection 

functions. (d) Temporal change in the proportion of articles using different types of summary 

statistics. (e) Same as d), but only for indices, nearest neighbor statistics and the pair 

correlation function. (f) Temporal change in the proportion of articles using different edge 

correction methods; weighted and global indicate pairwise weighted edge correction and 

global edge correction, respectively. 

159 
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Figure A3. Null models, data comparison, heterogeneity, and software as used in the 308 

articles analyzed. Temporal change in the proportion of articles using; (a) different univariate  

and (b) bivariate null models, (c) a goodness-of-fit test, (d) a certain number of simulations of 

the null model, (e) different methods to deal with heterogeneity. (f) Number of articles using 

different software packages. References for software are given in Appendix 4 in 

Supplementary material.  

161 
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Appendix 2. Additional results of global envelopes 162 

Global envelopes S+(r) and S-(r) that are variable in r were proposed by Myllymäki et al. (in 163 

press) in their section 5 as “global scaled maximum absolute difference (MAD) envelopes”. 164 

They have the desired property that the null model can be rejected over a given distance 165 

interval with significance level α if the observed summary statistic S(r) wanders at one or 166 

more distances r outside the global simulation envelopes. Note that the pointwise envelopes 167 

do not have this property because of the problem of multiple inference (Loosmore et al. 168 

2006).   169 

 The global envelopes S+(r) and S-(r) are constructed in three steps. First, the summary 170 

statistics Si(r) are estimated from the observed data (i = 0) and from the s realizations of the 171 

null model (i = 1,.. s), and the mean )(rS  and the standard deviation )(ˆ rSσ  of the Si(r) are 172 

estimated for i = 1,.. s. Then, the original summary statistics Si(r) are student transformed: 173 

  
)(ˆ
)()()(

r
rSrSrS

S

ises
i σ

−
= ,     (1) 174 

In ecology this transformation is called standardized effect sizes. Notably, the pointwise 175 

simulation envelopes Gp
‒(r) and Gp

+(r) of the student transformed summary statistics (e.g., for 176 

α = 0.05 the 5th lowest and highest values of Si
ses(r) taken from i = 1, .., 199) approximate for 177 

all distances r the critical value Gp
‒ (r) = –zα and Gp

+(r) = zα with zα = 1.96 for α = 0.05. Thus, 178 

we have constant pointwise simulation envelopes. This works if the distribution of the Si(r) 179 

for i = 1, …s approximates for fixed values of r a normal distribution. This assumption can be 180 

tested by comparing the Gp
‒(r) and Gp

+(r) with the critical values zα and –zα. If the distribution 181 

is not symmetric for some values of r one can either use upper and lower quantiles proposed 182 

by Myllymäki et al. (2015a) or exclude these distances from the distance interval where the 183 

global envelope test is applied.  184 

 Second, the standard “maximal absolute difference” (MAD) test introduced by Diggle 185 

(1979) and Ripley (1979) is applied for the studentised summary statistics Si
ses(r). This test 186 
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makes sense because the variance of the Si
ses(r) under the null model is the same for all 187 

distances r. The functional summary statistic Si
ses(r) of the ith simulation of the null model is 188 

reduced to its minimum and maximum value Si
min and Si

max, respectively, taken over the 189 

distance interval r = rmin, .., rmax of interest. The kth largest value of the Si
max is the upper 190 

global envelope G+, and the kth smallest value of the Si
min is the lower global envelope G‒. 191 

Note that this test conducts only one test for the entire interval. For this reason, the problem of 192 

multiple inference (Loosmore et al. 2006) does not occur and we can reject the null model 193 

with significance level α if S0
ses(r) > G+ or S0

ses(r) < G- for one or more distances r (r ≥ rmin 194 

and r ≤ rmax). 195 

 Third, to obtain the desired global simulation envelopes S+(r) and S-(r) that are 196 

variable in r we apply the inverse transformation of (1) to G+ and G‒ (see eq. 17 in Myllymäki 197 

et al. in press): 198 

  
−−

++

−=

+=

GrrSrS

GrrSrS

S

S

)(ˆ)()(

)(ˆ)()(

σ

σ
    (2) 199 

The global envelopes S+(r) and S-(r) are implemented in the software Programita, which can 200 

be accessed at www.programita.org, and as R library spptest which can be obtained at 201 

https://github.com/myllym/spptest.  202 

 203 

 204 

Additional references 205 

Ripley, B.D. 1979. Tests of randomness for spatial point patterns. - Journal of the Royal 206 

Statistical Society B 41:368-374. 207 

Diggle, P.J. 1979. On parameter estimation and goodness-of-fit testing for spatial point 208 

patterns. - Biometrics 35:87-101.209 
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Figure A4. Comparison of the results of standard random labeling and local random labeling 

for the data of surviving and dead saplings of E. galalonensis shown in figure 1D. a) - c) 

Results for local random labeling (where a given mark is not moved more than 100m), they 

are the same as in Figs. 3C - E. The horizontal black line shows the expectation of standard 

random labeling. Comparison with the expectation of local random labeling (grey bold line) 

shows that mortality of E. galalonensis shows spatial trends. d) -f) Same as a) - c), but for 

standard random labeling where the marks are randomly shuffled among all saplings.  

211 
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Figure A5.  Comparison of the results of standard random marking and local random marking 

for the quantitatively marked pattern of large trees (dbh > 10cm) of the mid-story tree 

Trichilia pallida shown in figure 1E. a) - c) Results for local random marking (where a given 

mark is not moved more than 100m). a) is the same as Fig. 5A and b) the same as Fig. 5C, 

and in c) we show additionally the mark variogram. Comparison with the expectation of local 

random marking (grey bold line) shows that sizes of T. pallida shows spatial trends. d) -f) 

Same as a) - c), but for standard random marking null model where the marks are randomly 

shuffled among all large trees. 
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Appendix 4. Key references and links for software packages appearing in 912 

Figure A3f. 913 
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Software Key reference Link 

ADE Thioulouse, J., D. Chessel, S. Dolédec, and J. M. 

Olivier. 1997. ADE-4: a multivariate analysis 

and graphical display software. Statistics and 

Computing 7:75-83. 

http://pbil.univ-lyon1.fr/ADE-4/ 

SPATIAL Duncan, R. P. 1990. SPATIAL analysis program. 

Department of Plant Science, Lincoln 

University, New Zealand. 

 

Programita Wiegand, T., and K.A. Moloney. 2014. Handbook 

of spatial point pattern analysis in ecology. 

Chapman and Hall/CRC press, Boca Raton, 

FL. 

www.Programita.org 

Spatstat Baddeley, A., E. Rubak, and R. Turner. 2015. 

Spatial point patterns: methodology and 

applications with R. Chapman and 

Hall/CRC Press 

http://spatstat.github.io/ 

splancs Rowlingson, B. and Diggle, P. 1993 Splancs: 

spatial point pattern analysis code in S-Plus. 

Computers and Geosciences 19: 627-655 

www.maths.lancs.ac.uk/ 

~rowlings/Splancs/ 

S-plus INSIGHTFUL CORPORATION. 2005. S-Plus 7 
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Corporation, Seattle, WA.  

 

SPPA Haase 2001. Can isotrpy vs anisotropy in the 

spatial association of plant species reveal 

physical vs biotic facilitation? Journal of 

Vegetation Science 12: 127-136.  

 

SpPack Perry, G.L.W. 2004. SpPack: spatial point pattern 

analysis in Excel using Visual Basic for 

Applications. (VBA). Environmental 

Modelling & Software 19:559-569 
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