
Open Access This file is licensed under a Creative Commons Attribution 4.0 
International License, which permits use, sharing, adaptation, distribution and 
reproduction in any medium or format, as long as you give appropriate credit to 

the original author(s) and the source, provide a link to the Creative Commons license, and indicate if 
changes were made. In the cases where the authors are anonymous, such as is the case for the reports of 
anonymous peer reviewers, author attribution should be to 'Anonymous Referee' followed by a clear 
attribution to the source work.  The images or other third party material in this file are included in the 
article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If material is 
not included in the article’s Creative Commons license and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/. 

Peer Review File



Reviewers' Comments: 

 

Reviewer #1: 

Remarks to the Author: 

The manuscript “Heterogeneity within and among co-occurring foundation species increases 

biodiversity” presents results from a nice collaborative experiment across the globe. The focus is 

on founder species here. I think the experiments are well conducted and together the data set 

presents a nice piece of work. 

However, I have a number of major concerns which should be considered in a revised version: 

•Many abbreviations are used in the manuscript, which make it very difficult to read. I think you 

can do without them. 

•I lack a clear conceptual derivation of the heterogeneity axes. Habitat amount, for example, is 

not part of heterogeneity per se. According to the more energy hypothesis, more species live in a 

large habitat by pure chance only because of the higher population sizes. This is addressed in the 

text but is not clearly separated and confuses the reader. I recommend a clear revision of the 

conceptual part. 

•Species richness is a complicated measure. As far as I understand the description, it is rather 

species density (see Gotelli & Colwell 2001 Ecol Letters). 

•The mixing of different taxonomic resolutions (Species, Family, Order) is also difficult here. Since 

adaptation to heterogeneity happens at the species level, mixing is questionable here. 

•The graphical representation of the main results is very cryptic. Here, a form of presentation 

would be desirable that makes it easy for the reader to recognise independent main effects and 

additive or shared effects. 

Minor comments: 

•Line 45: Environmental and habitat heterogeneity: environment is part of the habitat? 

•Line 48: this is only one obstacle, there is a clear theory and also the area trade off effect! 

•Line 58-59: This sentence is too weak. Make a clear implication! 

•Line 68-69: this is misleading because MacArthur created the foliage height diversity it is not the 

biomass of trees or the height itself 

•Line 106/107: this is not due to heterogeneity 

•Line 142-150: the significance is not surprising in such a large data set. the more interesting is 

the relative explained variance of the three axis. 

•Line 334: why not as offset? 

•Line 367: only three makes no sense I would include them all in one model and remove this 

aspect, it weakens the approach. 

 

 

 

Reviewer #2: 

Remarks to the Author: 

The paper by Thomsen et al. investigated by means of globally distributed factorial field-based 

experiments how habitat-associated environmental heterogeneity influences biodiversity. Based on 

their analyses covering multiple primary foundation species (pFS), the authors claim that the 

habitat (amount, function and morphology) had positive and additive effects on biodiversity. A 

combination of increasing habitat area by secondary (living) foundation species (sFS) (beyond that 

provided by pFS), additionally protective microhabitats and other resources (e.g. food) were 

identified as strong driving forces catalyzing functional cascades (FCs) and resulting in the 

enhancement of biodiversity (measured as abundance, species richness and Bray Curtis 

dissimilarity). In particular, the authors showed that morphological differences between secondary 

and primary foundation species influence FCs and that even though not contributing with 

resources, mimics of FS can still contribute to the enhancement of biodiversity. 

 

The claims are not novel and have been recurrently presented in different papers namely 

regarding the role of pFS, as the authors explain in their introduction. But here the authors provide 

evidence at the global scale based on concerted collections (not fully standardized) and combining 

a range of pFS. In this sense, I find the paper comprehensive and of interest to the scientific 

community as rather than compiling results already published coordinated experiments are 

conducted increasing the significance of the conclusions. 

 



Overall, I find the study (and statistical analysis) robust but I would appreciate some additional 

clarification on the methods. As it is, I do not think it is possible to reproduce their work. In some 

cases, I believe it is enough to shuffle some sentences around but in others (see below), 

information is in my opinion missing. 

 

Specific comments 

Methods 

Line 282: Based on what were the sFS established? Depending on the target animals, the size of 

secondary FS can change. For example, for an amphipod, small epiphytes associated with seagrass 

leaves might be relevant. I would like to better understand the criteria used to classify the sFS 

tested. 

 

Line 282: clarification about low and high (amount) is needed. These terms are too vague. They 

are explained later (lines 304-307) but I would consider moving up those lines. 

Line 289: You make reference to a reclassification of the 22 experiments to reach a balanced 

design. Although I understand the importance of reaching a balanced design, I would like to know 

what such reclassification represent. Please, clarify. 

Line 295: two sites do not allow you to “ensure that conclusions about FCs were locally 

representative”. Please, tone it down. 

 

Line 303: add “from” before those 

Lines 304-307: please explain how the quantifications were done. If you want, detailed information 

about the methods can be provided in SM, but you talk about natural gradients in biomass without 

providing any further clarification. 

Line 309: what was the reasoning behind such a large range in the duration of the experiments? If 

this is related to specific habitats, information should be provided. Was the period consistent when 

the same pFS was being tested? 

 

Information about the controls is needed. How have you assured that sFS were not colonizing and 

biasing the results? 

 

Lines 367-370: Please provide more information regarding the repeated experiments. was it a 

proper seasonal analysis or have you looked at temporal variability? was the extent of the 

experiment maintained? 

 

Line 203: discussed instead of discusses 

 

Line 248: One of the issues I expressed in the methodology is related to the concept of low and 

high but the authors have provided some explanation about it. But when it comes to management 

and conservation, these terms cannot be applied as they will be meaningless to practitioners. 

Moreover, you also mention in the discussion that the amount of sFS above certain points can 

create adverse environmental conditions to the pFS and, consequently, to the ecosystem. I think 

this should be carefully addressed and if recommendations for management and conservation are 

provided that they should be better contextualized. 

 

 

 

Reviewer #3: 

Remarks to the Author: 

I commend the authors on this research. This paper is very well written and executed and I 

congratulate them for conducting global experiments across environments. Through conducting 22 

experiments across terrestrial and marine environments the authors have found strong evidence 

to support the importance of habitat heterogeneity in promoting biodiversity via cascades of 

facilitative interactions. Whilst this is perhaps not surprising, it has not been demonstrated 

empirically across systems in this fashion. I recommend this paper for publication. 

 

The results from this study will be of interest across a broad spectrum of fields and systems. 

 

 



There are lots of questions that can be asked about the details of the FS used, for instance, how 

do you account for the condition/quality or age of the pFS and sFS used in the experiments. But I 

appreciate that across systems this level of detail is impossible to provide. I know the authors 

state that 6 months is a typical duration for running such experiments, but arguably 6 months is 

very short and indeed there will undoubtedly be a seasonal component to this. It would be good to 

see some mention of the timing/seasonality aspect in the methods. 

 

What is the justification for the focus on animals? On line 94 and 107, it refers to animals, but 

equally plants/algae can also benefit from FCs. 

 

I was expecting to see some mention of the stress gradient hyp. Results would be expected to 

vary under different environmental conditions and under different community assemblies… for 

instance, in highly disturbed environments the local community might be dominated by invasive 

species which may be more or less likely to colonise and or/benefit from the pFS or the sFS. The 

application of facilitation theory and facilitation cascade theory to management of disturbed, urban 

and novel ecosystems may be misguided. Were all of your experiments carried out in 

natural/relatively unaltered habitats. It would be good to at least mention this in the methods, and 

acknowledge this potential limitation (if it is the case). For instance, a recent global analysis 

(Strain et al. 2021, Global Ecology and Biogeography) of the seeding of bivalves (pFS) onto 

seawalls yielded conflicting results, highlighting that responses to heterogeneity are context 

dependent, and may differ in highly disturbed environments. 

 

More from curiosity perspective, I wondered were there any differences in responses if you 

separated animal and plant/algal pFS and sFS? I am not suggesting that you do this, like I say, 

just curious. This doesn’t require a response. 

 

Were any of your FS invasive in the local context? As invasives are less likely to be colonised 

(enemy release), it is worth clarifying here. 

 

L77-81 - Its not clear what you mean by habitat function here and how this links to biodiversity 

(L78). It’s a bit of a chicken and egg. The habitat with greater numbers of taxa support more 

functions. The examples given about trees/woodpeckers and mistletoe do not help to elucidate 

this. Suggest developing this argument better here. 

 

L78 – better to say resource use rather than resource extractions? 

 

L99 – ecosystem should be singular 

 

L132 – and presumably functions too? 

 

L293 – experiments should be plural 

 

L355 – non significant rather than insignificant 

 

L386 and 387 - should Crassostrea now be Magallana 

 

 



Reviewer #1 (Remarks to the Author): 
The manuscript “Heterogeneity within and among co-occurring foundation species increases biodiversity” 
presents results from a nice collaborative experiment across the globe. The focus is on founder species 
here. I think the experiments are well conducted and together the data set presents a nice piece of work. 
However, I have a number of concerns which should be considered in a revised version: 

•Many abbreviations are used in the manuscript, which make it very difficult to read. I think you can do 
without them. 

• Done. We have removed all abbreviations minus ‘FS’ (for ‘foundation species’) that is used to 
shorten the text.  We describe this single abbreviation the first time it is used under each heading. 

 

•I lack a clear conceptual derivation of the heterogeneity axes. Habitat amount, for example, is not part of 
heterogeneity per se. According to the more energy hypothesis, more species live in a large habitat by pure 
chance only because of the higher population sizes. This is addressed in the text but is not clearly separated 
and confuses the reader. I recommend a clear revision of the conceptual part. 

• Done. We have clarified the concept underlying heterogeneity axes. For example, we have added a 
schematic figure that contrasts the three axes of heterogeneity (Fig 1C) and we have also 
improved the data graph (Fig 2) to better contrast the three types of heterogeneity. 

• However, we contend that ‘different amounts’ is indeed a form of ‘heterogeneity’ and have 
therefore not changed this specific terminology.  For example…  

o Wikipedia (accessed 2/5-21) states that “Homogeneity and heterogeneity are concepts 
often used in the sciences and statistics relating to the uniformity of a substance or 
organism. A material or image that is homogeneous is uniform in composition or character 
(i.e., colour, shape, size, weight, height, distribution, texture, temperature, architectural 
design, etc.); one that is heterogeneous is distinctly nonuniform in one of these qualities”. 
Clearly, size, weight and height are all attributes related to amounts. 

o Webster's Revised Unabridged Dictionary describes heterogeneity as ‘Differing in kind; 
having unlike qualities; possessed of different characteristics; dissimilar’ – i.e., having 
different amounts also qualifies as heterogeneity. 

o Cambridge dictionaries say heterogeneity is ‘consisting of parts or things that are very 
different from each other:” Again, small vs. large amounts are different from each other 
and therefore ‘heterogeneous things’. 

o Importantly, the seminal meta-analysis by Stein et al 1 that correlated environmental 
heterogeneity and taxonomic richness included several habitat-amount variables in their 
comprehensive analyses (e.g., % cover of forests, plant density, tree trunk perimeters, 
patch sizes). 

o Furthermore, Tokeshi & Arakaki’s insightful review paper (that used heterogeneity and 
complexity as synonyms) 2 about relationships between biodiversity and habitat 
heterogeneity included both sizes and abundances of ‘ecological elements’ (where 
elements in our case study correspond to foundation species) in their list of essential 
attributes. 

o Finally, the seminal paper by McArthur 3 about habitat heterogeneity included data 
related to both canopy height and canopy width –  attributes that are related to habitat-
amount (the higher and wider the canopies – the higher the amount of habitat) in a 
Foliage Height Diversity index. 



 

•Species richness is a complicated measure. As far as I understand the description, it is rather species density 
(see Gotelli & Colwell 2001 Ecol Letters). 

• Done. Yes, the reviewer is correct. We have added ‘species density’ (in brackets) and the Gotelli & 
Colwell reference after the first time we use the term ‘richness’.  However, we continue to refer to 
‘richness’ throughout the manuscript because, although Gotelli & Colwell make an important 
technical point about this terminology, ‘richness’ is still the default terminology used to describe 
the number of taxonomic units in a sample, e.g. 4 5,6 7-12. In other words, we do not want to confuse 
the reader with a species-density-terminology that has not become mainstream and generally 
accepted. 

•The mixing of different taxonomic resolutions (Species, Family, Order) is also difficult here. Since adaptation 
to heterogeneity happens at the species level, mixing is questionable here. 

Done. We thank the reviewer for pointing out the importance of taxonomic resolution and now address 
this issue with additional statistical analysis. Please note the following: 

1. This critique does not affect our abundance results that remain the same irrespective of taxonomic 
resolution. 
 

2. We added new analysis based on assigning all individuals to the class level. Unfortunately, we 
could not repeat the analysis at the level of Orders because some animals, like juvenile copepods, 
seastars, and foraminifera, could not be identified to this level.  The class-level analysis showed 
very similar results to the analysis done on mixed/operational taxonomic units - with strong 
positive effects of facilitation cascades.  This result highlights that our three axes of heterogeneity 
are of fundamental importance in controlling biodiversity across scales, systems, and taxonomic 
units.  
 

3. We disagree that adaptations to heterogeneity only happen at the species level. Instead, we argue 
that adaptations can operate across all taxonomic resolutions. For example, virtually all small 
marine mobile organisms benefit from small interstitial spacing (e.g., to avoid predation or 
intertidal desiccation stress). In this case it is organismal size – not phylogeny per se – that selects 
for the strength of facilitation (which is also why early life stages of organisms that are large as 
adults – e.g., microscopic juvenile urchins and seastars are often independently recorded in 
facilitation cascade studies).  Similarly, most mobile invertebrate grazers consume the same type 
of plant or algae material, irrespective of their phylogeny (e.g., grazing isopods, limpets, and 
urchins respond to live vs. mimic foundation species in similar ways) 13-17. In short, heterogeny 
transcends many types of species-levels adaptations – hence the arise of a ‘functional ecology’ – 
and a reason why it is common to use mixed taxonomic levels in marine studies 18-24 [note also that 
operational taxonomic units (OTUs) traditionally was used to represent mixed taxonomic level 
analysis – but the rise in genetic techniques implies that today, OTU is more commonly used in 
molecular studies – however, in these cases we – like many other – prefer the more precise MOTU 
terminology (molecular operational units] 25-27. 
 
 

4. The Linnean classifications system is a human-made abstraction.  Indeed, a class for one type of 
organism may better correspond to a subphylum for another type of organism (and similar 
arguments can be made for lower levels). This problem is particularly relevant for many of the 
animals we quantified – with large numbers of individuals being less than 1 mm long and poorly 



described in the scientific literature. The advantages of using mixed taxonomic units in our study 
(that transcended ecosystems and habitats) are that mixed taxonomic units can cut through much 
of this resolution noise without having to analyse all communities with advanced genetic methods. 
 

5. Our results are most likely conservative, and we would probably have found even stronger results 
on richness and Bray-Curtis dissimilarity if all individuals could have been identified to species 
(e.g., using state-of-art genetic methods and consulting the best taxonomy specialist around the 
world).  However, as stated, we could not identify some individuals to species (e.g., nematodes, 
foraminifers, small copepods, or ostracods or microscopic juvenile seastars). 

 

•The graphical representation of the main results is very cryptic. Here, a form of presentation would be 
desirable that makes it easy for the reader to recognise independent main effects and additive or shared 
effects. 

• Revised as suggested. We have changed the data graphs (Fig. 2) to better reflect the 3-factorial 
approach – changing and splitting the bar graphs into multiple paired mean-plots and using the 
same distinct symbols, sizes, and colours to represent the three crossed test-factors that we used in 
Fig. 1 to explain our methods.  We have also replaced the SE with 95%CL, so it is easier for readers 
to identify significant contrasts within and between plots. In other words – if 95%CL do not 
overlap, the reader knows that the means are different. Finally, we have added more information 
to the legend to make the figures easier to understand as stand-alone information.  

 

Minor comments: 

•Line 45: Environmental and habitat heterogeneity: environment is part of the habitat? 

• Done. In this sentence we have kept the word ‘environment’ (broad) but have removed the 
‘habitat’. However we argue that environment is the broader more general term – that is,  habitat 
is nested within the environment (e.g. as in 1) 

 

•Line 48: this is only one obstacle, there is a clear theory and also the area trade off effect! 

• There are many reasons for why we do not fully understand the universal role of heterogeneity in 
driving biodiversity.  However, in a compact abstract we do not have space to discuss these many 
theories – we simply highlighted that one explanation can be the lack of coordinated experiments 
across scales and habitat types. Our purpose was to set up the reasoning for conducting the study 
within the brief confines of an abstract. We provide a more nuanced explanation of heterogeneity-
biodiversity relationships in the introduction. 

 

•Line 68-69: this is misleading because MacArthur created the foliage height diversity it is not the biomass of 
trees or the height itself 

• Done. This is of course correct, and we thank the reviewer for pointing it out – MacArthur did not 
measure biomass but used simpler non-destructive proxies (which included width and height of 
strata – combined into an index as discussed in our prior response to Reviewer 1 above).  We have 
corrected the text to reflect this, but the take-home message is the same – width, number and 



height co-vary with biomass/amount. That is, the wider and longer the canopies are likely 
associated with higher amounts of canopy habitat and are reflected in higher the bird diversity.  

 

•Line 106/107: this is not due to heterogeneity 

• We disagree; ‘different amounts’ is a form of ‘heterogeneity’ - See our previous detailed comment 
that highlighted several standard heterogeneity definitions from dictionaries and key research 
papers that included ‘different amounts’ as heterogeneity (where amount is an umbrella term for 
biomass, volume, height, width, length, density, and size).  

 

•Line 142-150: the significance is not surprising in such a large data set. the more interesting is the relative 
explained variance of the three axis. 

• Done. We agree - which is why we reported sum of square values after the p-values.  To highlight 
this important take-home message, we have added more sentences to the methods, results and 
discussion about sum of squares and relative importance of different test-factors in ANOVA28. This 
analysis highlights (a) that our heterogeneity test are ecologically important across test factors, 
systems, responses and taxonomic resolutions, (b) that the ecological function (as an independent 
factor) and the amount x complexity interaction generally explains most of the univariate data-
variability, (c) that delta-morphology explains most of the variability for the multivariate analysis 
and (d) that the 3 spatial and 3 temporal non-controlled covariates explain far less data variability, 
thereby highlighting the particular importance of heterogeneity across spatiotemporal scales.  

 

•Line 334: why not as offset? 

• We do not understand what the reviewer means about ‘off-set’ – this section is about how we 
collected primary and secondary foundation species.  

 

•Line 367: only three makes no sense I would include them all in one model and remove this aspect, it 
weakens the approach. 

• Done. We have added the suggested analyses (11 simple vs. 8 most complex delta-morphology) – 
the results from these new tests (added to the online supplements) were very similar to our other 
test results so we still focus on the 11 simple vs. 11 complex test-comparison in the main 
manuscript. 

 
  



Reviewer #2 (Remarks to the Author): 
The paper by Thomsen et al. investigated by means of globally distributed factorial field-based experiments 
how habitat-associated environmental heterogeneity influences biodiversity. Based on their analyses 
covering multiple primary foundation species (pFS), the authors claim that the habitat (amount, function and 
morphology) had positive and additive effects on biodiversity. A combination of increasing habitat area by 
secondary (living) foundation species (sFS) (beyond that provided by pFS), additionally protective 
microhabitats and other resources (e.g. food) were identified as strong driving forces catalyzing functional 
cascades (FCs) and resulting in the enhancement of biodiversity (measured as abundance, species richness 
and Bray Curtis dissimilarity).  

• Please note that FC was an abbreviation for Facilitation Cascades – not Functional Cascades. This 
confusion is now impossible in the revised manuscript because we removed the abbreviation, i.e. 
we now write ‘facilitation cascades’ instead of FC.  

 

In particular, the authors showed that morphological differences between secondary and primary 
foundation species influence FCs and that even though not contributing with resources, mimics of FS can still 
contribute to the enhancement of biodiversity. The claims are not novel and have been recurrently 
presented in different papers namely regarding the role of pFS, as the authors explain in their introduction.  
But here the authors provide evidence at the global scale based on concerted collections (not fully 
standardized) and combining a range of pFS. In this sense, I find the paper comprehensive and of interest to 
the scientific community as rather than compiling results already published coordinated experiments are 
conducted increasing the significance of the conclusions. 

• We are aware that our hypotheses (‘claims’) may not be considered remarkably novel in 
contextual isolation and within an idiosyncratic case-study, such as within a particular habitat, 
geographical location or for a model-species. However, novelty arises because the 3 axes of 
heterogeneity are tested based on data collected…  

o for facilitation cascades – our research focus is on the ecological importance of secondary 
foundation species (the vast majority of published studies have tested for ecological 
importance of primary foundation species), 

o across bioregions, habitats, elevation levels, model species, seasons, experimental 
durations, and taxonomic resolutions,  

o in a fully crossed factorial approach to test for relative importance and interaction effects,  
o with controlled manipulative experiments.  

• In other words, it is the combination of these four points that makes the study unique and novel 
and allows for a new level of data interpretation and new insights.  Please also note that 
traditional meta-analyses of published literature, of which we have done many, cannot replace the 
last two points (i.e., that our work presents results from fully-crossed manipulative experiments). 

 

Overall, I find the study (and statistical analysis) robust but I would appreciate some additional clarification 
on the methods. As it is, I do not think it is possible to reproduce their work. In some cases, I believe it is 
enough to shuffle some sentences around but in others (see below), information is in my opinion missing. 

• Done. We added data to the online supplements and believe each experiment can now be 
reproduced (we added less information to the methods section the main body text of the 
manuscript because much of the new information is specific to individual experiments, so adding 
all the new information to the manuscript itself would increase its length significantly. Note that 
the methods described in the manuscript were initially emailed to all co-authors as the single 



instructions on how to do each experiment (and it worked). With the added information to the 
online supplement (including biomass data for foundation species) we believe the experiments can 
now be replicated. 

 

Specific comments 

Methods 

Line 282: Based on what were the sFS established? Depending on the target animals, the size of secondary 
FS can change. For example, for an amphipod, small epiphytes associated with seagrass leaves might be 
relevant. I would like to better understand the criteria used to classify the sFS tested. 

• Done. Most of the facilitation cascade experiments were designed based on our previous expert 
knowledge, because we have worked with these systems for many years – for many of the 
experiments we have described impacts from co-occurring FS on biodiversity in different contexts 
with mensurative and different experimental approaches e.g., 29-40.  Given that facilitation cascade 
theory is an emerging research field we established an international working group to combine our 
knowledge from the different systems and explore ecological generalities using meta-analysis 41 
and experiments (this study).  We have added more references to the paper so that readers can 
consult these for more information about most of the facilitation cascades that are experimentally 
manipulated here. However, the 22 experiments also include a few ‘new’ facilitation cascades 
where the ‘background’ mensurative data have not yet been published (this is work in progress by 
different co-authors). 

• Most importantly, the ecological relevance of each individual facilitation cascade is not the target 
of the present study that instead aimed to identify fundamental underpinning mechanisms that 
control biodiversity.  A future study will instead target the ecological relevance of published 
facilitation cascade experiments (in other words, some facilitation cascades are – just like trophic 
cascades - more ecologically important and common across space and time than others).  

 

Line 282: clarification about low and high (amount) is needed. These terms are too vague. They are 
explained later (lines 304-307) but I would consider moving up those lines. 

• Done – we have moved the explanation up as suggested.  

 

Line 289: You make reference to a reclassification of the 22 experiments to reach a balanced design. 
Although I understand the importance of reaching a balanced design, I would like to know what such 
reclassification represent. Please, clarify. 

• Done. We now explain in more detail how and why we grouped the 22 experiments into 
morphological heterogeneities and now perform 3 supplementary sets of statistical analyses to 
address this issue (Line 434-442). Importantly, all analyses showed the same results highlighting 
that impact of morphological heterogeneity is robust across our classifications. In other words, we 
found the same results both when grouping morphologies into 2 and 3 levels of heterogeneity and 
both when we included or excluded the middle/in-between level of heterogeneity. 

 

Line 295: two sites do not allow you to “ensure that conclusions about FCs were locally representative”. 
Please, tone it down. 



• Done – we have revised the language to tone it down. We agree that was too ‘unconditional’ a 
statement.  Still, replication of study sites reduced impacts of local environmental noise and makes 
results more general (in other words, results are more general if they can be documented at two, 
compared to one, sites). 

 

Line 303: add “from” before those 

• Done.  

 

Lines 304-307: please explain how the quantifications were done. If you want, detailed information about 
the methods can be provided in SM, but you talk about natural gradients in biomass without providing any 
further clarification. 

• Done, we have added information to the online supplement about the biomass of the foundation 
species for each individual effect size. We have also added biomass of both primary and secondary 
foundation species (standardized per experiment) as co-variates to our data analysis. 

 

Line 309: what was the reasoning behind such a large range in the duration of the experiments? If this is 
related to specific habitats, information should be provided. Was the period consistent when the same pFS 
was being tested? 

• Done, we have added more information and relevant references. Yes – the differences in duration 
co-vary with the systems being studied – forest/mangrove/marsh experiments were typically 
longer than fully marine studies (as often noted in meta-analyses e.g., 41,42). The short incubation 
time in marine systems reflects that small marine taxa colonize new out-transplanted habitats 
very fast (i.e. within a few days)34,43-49 whereas colonization times is typically slower in terrestrial 
and marsh/mangrove systems.  Furthermore, the few facilitation cascade experiments we are 
aware of that included repeated time series found relatively consistent strength of facilitation 
cascades34,48 suggesting that these facilitation cascades occur across variable time scales.  To 
address the issue, we included experimental duration as a covariate in our analysis and with little 
on effect sizes (but we agree that experimental duration is an interesting perspective that should 
be included as a crossed treatment in future global experiments).  

 

Information about the controls is needed. How have you assured that sFS were not colonizing and biasing 
the results? 

• Done – we have added a sentence to highlight this was not a problem (line 346-348). Indeed, we 
always recorded the amount of sFS that colonized the controls – this only happened to a few 
controls in a few experiments and only in extremely small amounts.  Furthermore, if colonization 
was observed midway through the experiment the secondary FS was removed (we are aware that 
it can become a problem in some long-term experiments – in these cases continued maintenance 
and removals are required to maintain proper controls without secondary FS).  

 

Lines 367-370: Please provide more information regarding the repeated experiments. was it a proper 
seasonal analysis or have you looked at temporal variability? was the extent of the experiment maintained? 



• Done. We have added information about the three experiments that were completed in two 
seasons – using similar treatments, durations, and relatively similar locations (within 10-50 m). 
Note that the results from these experiments are statistically independent because (a) new 
biomass of foundation species and new mimics were used for each experiment, (b) treatments 
were allocated at random and (c) spatial location of primary and secondary FS were slightly 
different to the previous experiment. In other words, the data are not ‘repeated measurements’.  
Redoing three of the experiments allowed us to do a preliminary analysis of the importance of 
season (it was not important).  

• In addition, we have added three temporal co-variates to our main analysis on the univariate 
responses – start date, season, and experimental duration (in addition to three spatial co-variates: 
latitude, longitude, and elevation). We found few and weak effects overall from both the 3 
temporal and 3 spatial co-variates (all results are in the supplements - except that the elevation 
factor explained a relatively high percentage of the Sum of Squares in a single test (out of 12 
tests). Importantly, in our main tests the 6 spatiotemporal co-variates explained <7% of Sum of 
Squares compared to the 3 axes of heterogeneity (i.e., >93% for amount, function, and delta-
morphology). 

• We also note that several facilitation cascade studies have shown temporally consistent positive 
effects from secondary foundation species 34,48 .  

• However, we agree that it would be interesting in future studies to address temporal variability as 
a more explicit and rigorous factorial test-factor (e.g., by redoing experiments with low, medium, 
and long durations in several seasons).  

 

Line 203: discussed instead of discusses  

• Done. 

 

Line 248: One of the issues I expressed in the methodology is related to the concept of low and high but the 
authors have provided some explanation about it. But when it comes to management and conservation, 
these terms cannot be applied as they will be meaningless to practitioners. Moreover, you also mention in 
the discussion that the amount of sFS above certain points can create adverse environmental conditions to 
the pFS and, consequently, to the ecosystem. I think this should be carefully addressed and if 
recommendations for management and conservation are provided that they should be better 
contextualized. 

• Done. We have added a few lines to the discussion about how the amounts of secondary FS can be 
incorporated into management and conservation and how extreme amounts may have negative 
impacts on animal diversity and therefore also require management (but note that exact values of 
whereby sFS negatively affect pFS varies widely between ecosystems - e.g., impact of drift algae in 
estuaries on seagrass is more severe than impact of rooted alga in open water systems50) and 
environmental conditions such as when negative impact of drift seaweed on seagrass increases 
dramatically with temperature51. 

 

  



Reviewer #3 (Remarks to the Author): 
I commend the authors on this research. This paper is very well written and executed and I congratulate 
them for conducting global experiments across environments. Through conducting 22 experiments across 
terrestrial and marine environments the authors have found strong evidence to support the importance of 
habitat heterogeneity in promoting biodiversity via cascades of facilitative interactions. Whilst this is perhaps 
not surprising, it has not been demonstrated empirically across systems in this fashion. I recommend this 
paper for publication. 

The results from this study will be of interest across a broad spectrum of fields and systems. There are lots 
of questions that can be asked about the details of the FS used, for instance, how do you account for the 
condition/quality or age of the pFS and sFS used in the experiments.  But I appreciate that across systems 
this level of detail is impossible to provide. I know the authors state that 6 months is a typical duration for 
running such experiments, but arguably 6 months is very short and indeed there will undoubtedly be a 
seasonal component to this. It would be good to see some mention of the timing/seasonality aspect in the 
methods. 

• Done. We have added details to the methods and online supplements – listing seasonality, starting 
date and experimental duration. These three temporal characteristics have also been added as co-
variates to our main data analysis. More specifically, the experimental durations are typical for 
these types of animal-habitat-colonization experiments - where duration often is a bit longer in 
forest/mangrove/marsh systems compared to marine studies (as also noted in several meta-
analyses e.g., 41,42). The short duration in the marine experiments reflects that small (and short 
lived) marine invertebrates colonize new out-transplanted habitats very rapidly (within a few 
days)34,43-49.  Furthermore, facilitation cascade experiments that have included repeated 
measurements have shown relatively consistent strengths of facilitation cascades over time34,48 
suggesting that facilitation cascades occur across variable time scales.  We do however also agree 
that duration and seasonality are important test factors to include as specific crossed treatments 
in future global experiments. 

 

What is the justification for the focus on animals? On line 94 and 107, it refers to animals, but equally 
plants/algae can also benefit from FCs. 

• We agree that primary producers can also benefit from facilitation cascades (e.g., see our work on 
‘long’ facilitation cascades52).  However, the relative importance of plants as ‘inhabitants’ (focal 
species/end-users) is likely to vary between ecosystems and habitats and could therefore introduce 
bias (this is another potential interesting future research area).  Importantly, almost all facilitation 
cascade studies to date  - and in particular short-term colonization experiments - have focused on 
animal responses 41.  We therefore also focused on animals to allow direct comparisons to past 
research.  (As a side note, we recorded colonization by only two primary producers (Ulva and 
Gelidium) in a single experiment and in low abundances – these seaweed responses were not 
included in our analysis). 

 

I was expecting to see some mention of the stress gradient hyp. Results would be expected to vary under 
different environmental conditions and under different community assemblies… for instance, in highly 
disturbed environments the local community might be dominated by invasive species which may be more or 
less likely to colonise and or/benefit from the pFS or the sFS. Were all of your experiments carried out in 
natural/relatively unaltered habitats. It would be good to at least mention this in the methods and 
acknowledge this potential limitation (if it is the case). For instance, a recent global analysis (Strain et al. 



2021, Global Ecology and Biogeography) of the seeding of bivalves (pFS) onto seawalls yielded conflicting 
results, highlighting that responses to heterogeneity are context dependent, and may differ in highly 
disturbed environments. 

• Done. We have added information to our methods section to highlight that our experiments were 
done in natural and relatively undisturbed systems – forests, estuarine mudflats, open reefs, 
mangroves, etc.  None of our experiments were done in highly modified harbours or on 
seawalls/piers like in the Strain et al study (these harbour/jetty systems are ecologically novel and 
dominated by opportunistic and small turf and filamentous algae and sessile invertebrates – in 
other words, simplistic ‘fouling’ communities that can grow ‘anywhere’ – including smooth ship 
hulls and flat seawalls).  

• We are aware of the potential importance of the SGH for facilitation cascade theory 53  and we 
often discuss SGH in our more specific case studies as well as reviews of facilitation cascade theory 
(e.g. 41,54).  We aim to tackle this hypothesis head-on in future facilitation cascade work, but it was 
beyond the scope of the present study. Nevertheless, we have added a sentence stating that the 
SGH is an important future research topic in facilitation cascade studies (line 226-230).  

• We are aware that ecology is fundamentally context dependent 55 and we often discuss this in our 
facilitation cascade research 30,33,34,39,41,54,56.  Indeed, the main idea about the current manuscript is 
to challenge context-dependency 55 and search for the elusive general rules by working across 
ecosystem and habitat types.  Indeed, our meta-analysis of past publications 41 and the present 
submitted work suggest that some, albeit simple, rules provide a starting point toward identifying 
general rules in facilitation-cascade theory. 

 

More from curiosity perspective, I wondered were there any differences in responses if you separated 
animal and plant/algal pFS and sFS? I am not suggesting that you do this, like I say, just curious. This doesn’t 
require a response. 

• We have explored this issue (unpublished data exploration), but we wait for future more specific 
studies to target this idea with rigorous quantitative analyses.  The main reason we did not 
address plant-animal FS dichotomies here is because this research question is much more relevant 
to marine than terrestrial systems. In marine systems sessile animals, angiosperms and seaweed 
all provide analogue habitat-structures – whereas in terrestrial systems it’s mainly just ‘plants’. 
Another dichotomy relates to sessile vs mobile foundation species  57,  but mobile FS require yet 
another very different discussion and we don’t want to confuse readers with it here.  For an 
example of how we address this plant-animal and sessile-mobile dichotomies in invasion biology 
see 58 . To keep the present paper as general as possible and not detour into discussion about 
reconciling with terrestrial studies that typically do not equate animals with ‘habitat-forming 
foundation species’), we decided to address this topic in future studies aimed specifically at this 
question. 

 

Were any of your FS invasive in the local context? As invasives are less likely to be colonised (enemy release), 
it is worth clarifying here. 

• We have very few invasive species in our data set – both as foundation species and animal 
responses.  The exception is the sub-experiment with Undaria as secondary FS - a non-native kelp 
that today inhabits many open coastlines around the world – see our recent reviews for details 59,60 
. We have added that Undaria is a non-native species to the method section, but that the 
experiment was done on healthy and diverse open coast reefs dominated by native species. 



Importantly, Undaria is equally likely to be colonized by small invertebrates as native kelps (work 
in progress) and we have previously documented that Undaria holdfasts are inhabited by 
invertebrate assemblages that are relatively similar to native seaweeds 37-39. Indeed, ‘tight 
coevolution’ does not appear to be a strong predictor of the strength of relationship between 
foundation species and their associated animals in marine systems as evidence from studies with 
invasive foundation species (e.g., see our old work on epibiota associated with non-native 
Sargassum vs. native Halidrys and various reviews about epibiota and invasive marine species)20,61. 
This low level of host-specificity was demonstrated in our study where we found animals easily 
colonized abiotic mimics. 

 

L77-81 - Its not clear what you mean by habitat function here and how this links to biodiversity (L78). It’s a 
bit of a chicken and egg. The habitat with greater numbers of taxa support more functions. The examples 
given about trees/woodpeckers and mistletoe do not help to elucidate this. Suggest developing this 
argument better here. 

• Done. We have reworded this text about habitat function, heterogeneity, and links to biodiversity 
(line 79-88).  More generally, we resolved this chicken-and-egg quandary because we 
experimentally separate the effect of the secondary foundation species (that is fixed, controlled, 
manipulated = either 0 or 1 species) from the animals that depend on it (i.e., the uncontrolled 
response variable, that can be any number of colonizing animals).  It is therefore valid to 
hypothesize that a secondary FS (of which there can only be 0 or 1 species) that provides >>1 
function (many types of resources) will support higher animal-biodiversity because it allows 
species with different traits and niches to use different types of resources, compared to a 
secondary FS that only provides a single function (e.g., only space).  

• The woodpecker represented a widely recognized classic example from the functional 
landscape/habitat literature whereas the mistletoe example is well known from the facilitation 
cascade literature 62-68.   

o For example, a hypothetical forest could be dominated by 100 softwood tree species that 
are free of parasite/mistletoe (i.e., this forest is composed of 100 different FS), but this 
diverse forest would be without woodpeckers or mistletoe birds.  By replacing only 2 of the 
soft tree species with different FS – such as a hardwood tree species (e.g., Quercus 
pyrenaica) and a mistletoe parasite – the richness of FS would remain constant (100), but 
the function of the forest would increase dramatically because vital nest and food 
resources would now be available for woodpeckers and mistletoe-birds. In other words, 
this functional approach emphasizes that FS provide more than just a space to live in and 
on, and that the traits and resource requirements of the animals that depend on FS are 
important.  

• We tested this functional approach by hypothesizing that living FS provide more functions than FS 
that are morphologically similar but not alive. Specifically, living FS provide at least 5 types of 
functions/resources (of which non-living mimics of FS only provide the  first 2): (1) habitat for 
attachment, resting or feeding and (2) space to hide from predators and avoid abiotic stress (e.g. 
from intertidal desiccation or from waves), (3) a direct food resources because animals can browse 
on the living FS, (4) waste products that can support decomposer species, and (5) altered 
biogeochemistry through its metabolic processes that may increase oxygen levels, water flow or 
provide biogeochemical microhabitats.  

 

L78 – better to say resource use rather than resource extractions?  



• Done. We now say acquire resources instead of extracting resources. 

 

L99 – ecosystem should be singular.  

• Done.  

 

L132 – and presumably functions too?  

• Done. Yes – this is now hypothesis 2.  

 

L293 – experiments should be pluralv  

• Done.  

 

L355 – non significant rather than insignificant  

• Done.  

 

L386 and 387 - should Crassostrea now be Magallana  

• Done.  
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Reviewers' Comments: 

 

Reviewer #1: 

Remarks to the Author: 

Comments to the reply of authors: 

 

Amount as a measure of heterogeneity: 

Reply: Here the authors responded to my critique on the use of amount as surrogate for 

heterogeneity by several arguments, e.g. definitions from Wikipedia and similar. Here I suggest 

staying in the field of ecological science and terminology. They also argue that in their meta-

analyses Stein et al used several habitat-amount variables. Here I definitely disagree. Stein et al 

used only variables describing variation in environmental conditions, e.g. plant density as a 

surrogate for vegetation dimensions. This is true also for MacArthurs Foliage height diversity. 

Here, the focus is on an increase not of leaves per se but a more heterogenous distribution of 

leaves in 3D space. Therefore, I highly recommend the authors to clarify in their manuscript if a 

variable describes amount or environmental heterogeneity. 

Authors comment: We disagree that adaptations to heterogeneity only happen at the species level. 

Instead, we argue that adaptations can operate across all taxonomic resolutions. For example, 

virtually all small marine mobile organisms benefit from small interstitial spacing: 

Reply: Here I disagree with the authors. Of course, specific environmental conditions filter for 

species with specific adaptions. Nevertheless, a species will evolve for a specific habitat because of 

better adaptions than relatives. This may happen independently in many lineages ending up with 

not related species of similar size in a specific environment. 

Reply: I am happy to see additional analyses to account for different taxonomic resolutions. 

Authors comment: This is of course correct, and we thank the reviewer for pointing it out – 

MacArthur did not measure biomass but used simpler non-destructive proxies. 

Reply: Again, I disagree because complex forests often have not the highest biomass, even if 

higher growth rates. Therefore, the complexity measured by MacArthur is not a proxy of biomass. 

 

Comments on the new manuscript: 

 

Introduction: 

I recommend starting a bit more general on the topic of environmental heterogeneity as 

determinant of biodiversity. General papers on the topic are still missing here, which would widen 

the scope of the manuscript (e.g. Allouche et al. 2012; Ben-Hur and Kadmon 2020). 

Line 46/47: The first sentence can be removed. Go directly to the core theory. 

Line 54/55 I highly suggest to talk about three environmental axis: habitat amount and two axis of 

heterogeneity. 

Line 195-197: Here it would be much more interesting to see the contribution of amount and 

heterogeneity separately! 

 

References 

Allouche O, Kalyuzhny M, Moreno-Rueda G, Pizarro M, Kadmon R (2012) Area-heterogeneity 

tradeoff and the diversity of ecological communities. Proc. Natl. Acad. Sci. U. S. A. 109:17495-

17500. doi: 10.1073/pnas.1208652109 

Ben-Hur E, Kadmon R (2020) Heterogeneity-diversity relationships in sessile organisms: a unified 

framework. Ecology Letters 23:193-207. doi: 10.1111/ele.13418 

 

 

 

Reviewer #2: 

Remarks to the Author: 

I commend the authors on the revision of the manuscript. I support the publication of the 

manuscript in its current form. 

 

 

 

Reviewer #3: 

Remarks to the Author: 



I am satisfied that the authors have addressed all of my suggestions. Congratulations to the whole 

team on a fantastic paper. 

 

 

Louise Firth 

 

(Happy to reveal my identity) 

 



Reply to reviewers comments, 26 Sep 2021 

 

Reviewer 1: Amount as a measure of heterogeneity: 
Here the authors responded to my critique on the use of amount as surrogate for 
heterogeneity by several arguments, e.g. definitions from Wikipedia and similar. Here I 
suggest staying in the field of ecological science and terminology.  

• We appreciate the reviewer’s approach, but believe the arguments for our 
approach are consistent, have broad scientific support although perhaps more so 
among aquatic community ecologists, and is straightforward to interpret and 
understand. Consequently, we have not changed our approach.  Instead, we have 
added text to the introduction, to highlight how and why we use the terminology 
the way we do.  Inspired by Reviewer 1’s comments, we are now considering 
writing a small, more detailed, opinion piece about habitat-environment-
heterogeneity-complexity terminology that could be constructive for similar future 
discussions. Below we repeat our arguments for why different amounts of habitat 
is an example of habitat-heterogeneity.  

• First, we note that there are more than 100 scientific usages of terminology related 
to environmental and habitat heterogeneity and complexity (Stein et al. 2014), 
highlighting the vast variation, and likely disagreement, among scientists about 
how to define and use these terms. It is virtually impossible to follow a specific 
advice about ‘staying in the field of ecological science and terminology’ because 
there is no consensus nor single scientific definition or use of ‘heterogeneity’. 

• For example, Stein et al (2004) - a paper that focused on environmental, not 
habitat, heterogeneity - does not define the terminology but simply states that 
“Here, we use environmental heterogeneity as an umbrella term for all terms 
relating to spatial complexity, diversity, heterogeneity, or structure in the 
environment.” Under this umbrella approach, the amount of habitat (i.e., the 
biomass of foundation species in a specific area that is inhabited by small 
invertebrates) is a straightforward example of ‘all terms related to the structure in 
the environment’.  

• Importantly, Tokeshi & Arakaki's (2012) insightful review paper used heterogeneity 
and complexity as synonyms and described in detail the importance of both sizes 
and density of structural elements to understand relationships between 
biodiversity and habitat heterogeneity. In other words, Tokeshis & Araki’s sizes and 
abundances of structural elements is equivalent to our biomass of foundation 
species. 

• Similarly, Tews et al. (2004), in their classic heterogeneity paper, also argue that 
more and taller biogenic structures (‘keystones’, i.e., amounts of a specific biogenic 
habitat), like large trees on savannas, increase an areas habitat heterogeneity. 
Specifically, Table 2 in Tews et al. list vegetation height, vegetation cover and 



structural extent as traditional heterogeneity measures. Their broad usage of 
habitat heterogeneity also aligns closely with our more specific analysis of animal 
diversity associated with secondary foundation species - like epiphytes attached to 
seaweed, seagrass or trees, bivalves embedded within mussels, or oysters attached 
to mangroves. Thus, Tews et al.’s. height, cover and extent of keystone structures is 
directly analogous to how we quantify and analyse biomass of secondary 
foundation species. 

• Furthermore, when a terminology is scientifically vague, ambiguous, has different 
meanings for different scientist and lacks consensus, we advocate that scientists 
instead revisit first principles, such as definitions from dictionaries like Wikipedia, 
Oxford, online dictionary, and the online biological dictionary (the latter being 
relatively ‘scientific’). These dictionaries all define heterogeneity in a context of 
non-uniformity in traits, characteristics, and objects (i.e., differences), with a broad 
approach. Therefore; (a) ‘different amount’ is a form of heterogeneity and (b) 
‘amount or biomass of foundation species’ is a type of habitat that is inhabited by 
animals. 

• Finally, we highlight – again – that our ‘amount’ trait is measured within a specific 
similar sized area for each of our 22 individual experiments. Our data collection is 
therefore NOT equivalent to accumulated species-area or species-sample data – 
that sometimes are distinguished from habitat heterogeneity (Nally and Watson 
1997, Silva et al. 2018). 

 

Reviewer 1. They also argue that in their meta-analyses Stein et al used several habitat-
amount variables. Here I definitely disagree. Stein et al used only variables describing 
variation in environmental conditions, e.g. plant density as a surrogate for vegetation 
dimensions.  

• We don’t understand; Although Stein used CV, SD and other variability/diversity 
metrics for some variables, they also include percent cover of rocks, grass and 
forests, mean patch size and plant density – variables that all correlate with 
amounts of habitats (for those species with high affinities for rocks, grass, forests, 
patches and plants, respectively) – see table 1 below.  In other words, Stein et al 
included habitat-amount variables like we did (and like Tews et al did in Table 2).  

 



 

Table 1 in Stein et al. Measures that correlate with amounts of habitat are highlighted in 
yellow. 

 

 

 

Table 2 in Tews et al. Measures that correlate with amounts of biogenic habitat are 
highlighted in yellow. 

 

Reviewer 1. This is true also for MacArthurs Foliage height diversity. Here, the focus is on an 
increase not of leaves per se but a more heterogenous distribution of leaves in 3D space.  

• Again, we don’t understand; MacArthur did not measure ‘heterogenous 
distribution of leaves in 3D space’. MacArthur measured the height and width of 
trees (see Fig. 1 in MacArthur inserted below) – two traditional types of amounts - 
to calculate a derived heterogeneity/diversity metric. For example, graphical 
analyses of Figure 1 in MacArthur show higher bird diversity associated with high 
amounts of tree-habitat in Maryland and Florida compared to low amounts of tree-
habitat in Vermont and Penn (J,I are tall and wide compared to short and narrow 
A,B). Again, like MacArthur, we included a variable (the biomass of a structural 
element) that is fundamentally/allometrically correlated with an element’s width 
and height. 



 

 

Figure 1 in MacArthur showing heights and width of tree strata (which correlate with bird 
diversity = BSD).  

 

Reviewer 1. Therefore, I highly recommend the authors to clarify in their manuscript if a 
variable describes amount or environmental heterogeneity. 

1. Based on scientific rationale and key papers discussed above (Tews et al. 2004, 
Tokeshi and Arakaki 2012) - and references therein - that support our definition of 
habitat heterogeneity, we decided to keep different ‘amounts of habitat’ within a 
specific area, as an example of a habitat-heterogeneity axis.  In particular, we like 
that these approaches align with first-principal dictionary definitions (which we 
argue are preferable to ambiguous and conflicting scientific usages). However, to 
avoid misunderstanding with researchers that may disagree with Tokeshi and 
Arakaki and Tews et al., we added a few lines to the manuscript that state our 
approach explicitly. 

 

 

Review 1. Comments on the new manuscript: 

Introduction: I recommend starting a bit more general on the topic of environmental heterogeneity 
as determinant of biodiversity. General papers on the topic are still missing here, which would widen 
the scope of the manuscript (e.g. Allouche et al. 2012; Ben-Hur and Kadmon 2020). 



Done. This is a good suggestion. We have added text about heterogeneity to capture the essence 
of these two key references and increase the generality of our study before we introduce our 3 
specific test-factors in more detail. The added text reads… “Although most studies have shown 
positive relationships between heterogeneity and diversity, certain processes, like effective area per 
species, can result in negative relationships between heterogeneity and biodiversity (Allouche et al. 
2012, Ben-Hur and Kadmon 2020)”. Note that our paper is mainly about habitat-heterogeneity - a 
more specific topic than environmental heterogeneity and that we had already cited Ben-Hur & 
Kadmon 2020 (our previous reference 20).   

 

Line 46/47: The first sentence can be removed. Go directly to the core theory. 

Done. 

  

Line 54/55 I highly suggest to talk about three environmental axis: habitat amount and two axis of 
heterogeneity. 

We strongly disagree. It its unnecessarily complicated and cumbersome to explain if and how 
habitat relates to the environment and what heterogeneity is in a short abstract.  Instead, we are 
certain that readers of Nature Communication know that habitat is part the environment, habitat 
is the place where organisms live, and heterogeneity reflects non-uniformity.  The sentence in 
question simply says “three axes of habitat-heterogeneity” concisely reflecting what we did (i.e., 
we tested for impacts of (a) amount of habitat, (b) complexity of habitat and (c) function of 
habitat on biodiversity). 

  

Line 195-197: Here it would be much more interesting to see the contribution of amount and 
heterogeneity separately! 

We strongly disagree.  There is no reason to statistically evaluate or prioritize ‘amount’ over 
‘function’ or ‘complexity’ in line 195-197. Most importantly, in line 159-193 we already evaluated 
the contribution of amount vs. other types of heterogeneity (and their interactions) in great detail 
– describing, comparing, and contrasting >30 Sum of Squares values.  Line 195-197 simply 
summarized all of these SS-results to highlight that our controlled test-factors (axes of 
heterogeneity) explained much more data variability than the unexplained spatiotemporal 
covariates (which were difficult to control due to massive variation associated with doing global 
experiments in vastly different ecosystems). In other words, the specific sentence nails down that 
the universal habitat attributes were much more important than spatiotemporal background 
conditions. 
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Reviewer #2 (Remarks to the Author): 

I commend the authors on the revision of the manuscript. I support the publication of the 
manuscript in its current form. 

Thank you. 

 

Reviewer #3 (Remarks to the Author): 

I am satisfied that the authors have addressed all of my suggestions. Congratulations to the whole 
team on a fantastic paper. Louise Firth. (Happy to reveal my identity) 

Thank you. 
 



Reviewers' Comments: 

 

Reviewer #1: 

Remarks to the Author: 

First I apologize for delay. I would like to thank the authors for the intensive discussion around my 

points of criticism. I can accept the point of view of different amounts as a form of heterogeneity 

as it is presented now. Only with regard to MacArthur, I would like to take the liberty of noting 

that not simply the height and width of trees but the distribution of vegetation in space was 

calculated as foliage height diversity and correlated with bird diversity. 

 



Point-by-point reply to reviewers comment 

Reviewer 2 and 3: No comments – manuscript accepted. 

Reviewer 1 comment: I can accept the point of view of different amounts as a form of heterogeneity 

as it is presented now. Only with regard to MacArthur, I would like to take the liberty of noting that 

not simply the height and width of trees but the distribution of vegetation in space was calculated as 

foliage height diversity and correlated with bird diversity. 

 

Reply. Done. We have changed the sentence to reflect the reviewer’s comment (see red addition). 

The sentence now say: “For example, seminal work by MacArthur and MacArthur demonstrated 

how bird diversity increases with ‘foliage height diversity’ (diversity of elements), an index that 

varies with the distribution of vegetation in space, including the width and height of vegetation 

strata (sizes of elements).” 

 

 


	Title: Heterogeneity within and among co-occurring foundation species increases biodiversity


