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SUPPLEMENTARY MATERIAL 
 
Table S1. List of species and information concerning the number of replicates (r) and number 
(n) of sampled individuals. Adult individuals for the nutrient analyses at the beginning of rainy 
season (BR) and at the beginning of dry season (BD). Seedlings were collected at BD for leaf 
dry matter content (LDMC) measurements and then pooled for P analysis. 

Family/ Species 
Unburnt Adult 
r (n) 

Burnt Adult  
r (n) 

Seedling  
r (n) 

Seedling 
r (n) 

BR BD BR BD LDMC P analyses 

Fabaceae       

Daviesia chapmanii 6 (1) 4 (1) 6 (1) 4 (1) 10 (1) 4 (2-4) 

Jacksonia floribunda 6 (1) 4 (1) 6 (1) 4 (1) 10 (1-2) 4 (2-4) 

Jacksonia nutans 6 (1) 4 (1) 5 (1) 4 (1) 12 (1) 4 (3) 

Myrtaceae       

Melaleuca leuropoma 5 (1) 4 (1) 6 (1) 4 (1) 6 (23-36) 4 (23-34) 

Eucalyptus todtiana 6 (1) 4 (1) 6 (1) 4 (1) - - 

Verticordia grandis 6 (1) 4 (1) 6 (1) 4 (1) - - 

Proteaceae       

Banksia candolleana 6 (1) 4 (1) 6 (1) 4 (1) 4 (1) 4 (1) 

Stirlingia latifolia 6 (1) 4 (1) 6 (1) 4 (1) 12 (1-2) 4 (3-6) 

Hakea flabellifolia 6 (1) 4 (1) 6 (1) 4 (1) - - 

Petrophile macrostachya 6 (1) 4 (1) 6 (1) 4 (1) - - 
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Table S2. Generalized Least Square models (GLSs) of leaf dry-matter content (LDMC; mg g–

1) for unburnt and burnt adult plants and seedlings within each species individually. Model 
identification and rationale, number of parameters (K), log likelihood (log L). The Akaike’s 
information criterion (AIC) represents the uncertainty of the model, whereby lower AIC values 
represent the more parsimonious models. ΔAIC is the difference in AIC values between 
selected and null models. The significantly different values (ANOVA) are indicated in bold (P 
< 0.05). The regeneration forms (reg form) were unburnt and burnt adult plants and seedlings. 

Data Model ID Model K Log L AIC ΔAIC P 

Banksia candolleana 1 LDMC ~ reg form 6 31.79 -51.58 -12.85 0.0003 

  null LDMC ~ 1 2 21.37 -38.73 -   

Daviesia chapmanii 1 LDMC ~ reg form 5 46.7 -83.4 -34 <.0001 

  null LDMC ~ 1 2 26.7 -49.41 -   

Eucalyptus todtiana 1 LDMC ~ reg form 3 32.63 -59.26 -9.63 0.0006 

  null LDMC ~ 1 2 26.82 -49.63 -   

Hakea flabellifolia 1 LDMC ~ reg form 4 28.56 -49.11 -8.78 0.0017 

  null LDMC ~ 1 2 22.17 -40.34 -   

Jacksonia floribunda 1 LDMC ~ reg form 4 62.86 -117.71 -68.77 <0.0001 

  null LDMC ~ 1 2 26.47 -48.95 -   

Jacksonia nutans 1 LDMC ~ reg form 5 59.81 -109.61 -47.18 <0.0001 

  null LDMC ~ 1 2 33.22 -62.43 -   

Melaleuca leuropoma 1 LDMC ~ reg form 5 50.05 -90.1 -58.63 <0.0001 

 null LDMC ~ 1 2 17.73 -31.47 -  
Petrophile macrostachya 1 LDMC ~ reg form 4 32.26 -56.52 -9.76 0.001 

  null LDMC ~ 1 2 25.38 -46.76 -   

Stirlingia latifolia 1 LDMC ~ reg form 6 48.61 -85.23 -32.27 <.0001 

 null LDMC ~ 1 2 28.48 -52.95 -   

Verticordia grandis 1 LDMC ~ reg form 3 27.95 -49.91 -13.75 0.0001 

  null LDMC ~ 1 2 20.08 -36.15 -   
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Table S3. Generalized Least Square models (GLSs) of total leaf phosphorus (P; mg g-1 dry 
weight) and manganese (Mn; mg kg-1 dry weight) for unburnt and burnt adult plants within 
each species individually. Model identification and rationale, number of parameters (K), log 
likelihood (log L). The Akaike’s information criterion (AIC) represents the uncertainty of the 
model, whereby lower AIC values represent the more parsimonious models. ΔAIC is the 
difference in AIC values between selected and null models. The significantly different values 
(ANOVA) are indicated in bold (P < 0.05). The regeneration forms (reg form) were unburnt 
and burnt adult plants. 
 

Data Model ID Model K Log L AIC ΔAIC P 

Unburnt adult MM Total P ~ species 12 123.69 -223.38 -77.43 <0.0001 

  null Total P ~ 1 2 74.98 -145.95 -   

Burnt adult MM Total P ~ species 11 97.21 -172.42 -20.35 <0.0001 
 null Total P ~ 1 2 78.04 -152.07 -  

Banksia candolleana 1 Total P ~ reg form 3 23.77 -41.54 -9.27 0.0008 

  null Total P ~ 1 2 18.14 -32.27 -  

Daviesia chapmanii 1 Total P ~ reg form 3 19.26 -32.53 0.40 0.2063 

  null Total P ~ 1 2 18.47 -32.93 -  

Eucalyptus todtiana 1 Total P ~ reg form 3 22.05 -38.10 -2.94 0.0262 

  null Total P ~ 1 2 19.58 -35.16 -  

Hakea flabellifolia 1 Total P ~ reg form 4 25.34 -42.68 -12.90 0.0002 

  null Total P ~ 1 2 16.89 -29.78 -  

Jacksonia floribunda 1 Total P ~ reg form 3 19.96 -33.93 -2.89 0.0271 

  null Total P ~ 1 2 17.52 -31.04 -  

Jacksonia nutans 1 Total P ~ reg form 3 19.39 -32.78 -8.62 0.0011 

  null Total P ~ 1 2 14.08 -24.16 -  

Melaleuca leuropoma 1 Total P ~ reg form 3 17.06 -28.12 -7.81 0.0017 
 null Total P ~ 1 2 12.15 -20.31 -  

Petrophile macrostachya 1 Total P ~ reg form 3 20.98 -35.96 -5.95 0.0048 

  null Total P ~ 1 2 17.00 -30.01 -  

Stirlingia latifolia 1 Total P ~ reg form 3 30.89 -55.77 -33.59 <0.0001 
 null Total P ~ 1 2 13.09 -22.18 -  

Verticordia grandis 1 Total P ~ reg form 4 24.82 -41.64 -20.93 <0.0001 

  null Total P ~ 1 2 12.36 -20.72 -  

Unburnt adult MM Total Mn ~ species 12 -185.09 394.17 -118.36 <0.0001 

  null Total Mn ~ 1 2 -254.27 512.53 -   

Burnt adult MM Total Mn ~ species 12 -206.91 437.81 -92.72 <0.0001 

 null Total Mn ~ 1 2 -263.27 530.53 -  

Banksia candolleana 1 Total Mn ~ reg form 3 -53.00 112.01 0.26 0.1866 

  null Total Mn ~ 1 2 -53.87 111.75 -  

Daviesia chapmanii 1 Total Mn ~ reg form 3 -46.34 98.67 2.00 0.9654 

  null Total Mn ~ 1 2 -46.34 96.67 -  

Eucalyptus todtiana 1 Total Mn ~ reg form 3 -49.52 105.04 1.73 0.602 

  null Total Mn ~ 1 2 -49.66 103.31 -  

Hakea flabellifolia 1 Total Mn ~ reg form 4 -22.63 53.26 -6.30 0.0058 

  null Total Mn ~ 1 2 -27.78 59.56 -  

Jacksonia floribunda 1 Total Mn ~ reg form 3 -35.37 76.75 1.67 0.5633 

  null Total Mn ~ 1 2 -35.54 75.08 -  
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Data Model ID Model K Log L AIC ΔAIC P 

Jacksonia nutans 1 Total Mn ~ reg form 3 -32.87 71.74 1.94 0.8024 

  null Total Mn ~ 1 2 -32.90 69.80 -  

Melaleuca leuropoma 1 Total Mn ~ reg form 3 -32.15 70.30 -8.77 0.001 
 null Total Mn ~ 1 2 -37.53 79.07 -  

Petrophile macrostachya 1 Total Mn ~ reg form 3 -24.03 54.06 -15.89 <0.0001 

  null Total Mn ~ 1 2 -32.97 69.95 -  

Stirlingia latifolia 1 Total Mn ~ reg form 3 -39.03 84.07 1.31 0.4064 
 null Total Mn ~ 1 2 -39.38 82.76 -  

Verticordia grandis 1 Total Mn ~ reg form 4 -51.07 110.14 -9.31 0.0013 

  null Total Mn ~ 1 2 -57.72 119.44 -  

 
 
 
 
 
 
 
 
 

 
Figure S1. Leaf total phosphorus (P) and manganese (Mn) concentrations on a fresh weight 
basis of adults from an unburnt site (unburnt) and resprouting adults from a burnt site (burnt) 
for 10 species collected in June 2017 at Badgingarra National Park, Southwest Australia 
(Supplementary material Table S3). Box plots show medians (horizontal lines) with quartiles 
(box margins), the lowest and the highest values within 1.5-interquartile ranges (whiskers) and 
outliers (filled circles). (*) Significant differences among regeneration forms within each 
individual species based on 95% confidence intervals from generalised least squares models 
(Supporting Information Table S2). Daviesia chapmanii (Dc), Jacksonia floribunda (Jf), 
Jacksonia nutans (Jn), Melaleuca leuropoma (Ml), Eucalyptus todtiana (Et), Verticordia 
grandis (Vg), Banksia candolleana (Bc), Stirlingia latifolia (Sl), Hakea flabellifolia (Hf), 
Petrophile macrostachya (Pm). 
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Table S4. Generalized Least Square models (GLSs) of total leaf phosphorus (P; mg g-1 fresh 
weight) and manganese (Mn; mg kg-1 fresh weight) for unburnt and burnt adult plants within 
each species individually. Model identification and rationale, number of parameters (K), log 
likelihood (log L). The Akaike’s information criterion (AIC) represents the uncertainty of the 
model, whereby lower AIC values represent the more parsimonious models. ΔAIC is the 
difference in AIC values between selected and null models. The significantly different values 
(ANOVA) are indicated in bold (P<0.05). The regeneration forms (reg form) were unburnt and 
burnt adult plants. 

Data Model ID Model K Log L AIC Δ AIC P 

Banksia candolleana 1 Total P ~ reg form 3 33.13 -60.26 -3.23 0.0222 
 null Total P ~ 1 2 30.52 -57.03 -  

Daviesia chapmanii 1 Total P ~ reg form 3 30.11 -54.22 1.12 0.3471 
 null Total P ~ 1 2 29.67 -55.33 -  

Eucalyptus todtiana 1 Total P ~ reg form 3 33.19 -60.38 0.06 0.1633 
 null Total P ~ 1 2 32.22 -60.44 -  

Hakea flabellifolia 1 Total P ~ reg form 3 37.94 -69.87 -14.32 0.0001 
 null Total P ~ 1 2 29.78 -55.56 -  

Jacksonia floribunda 1 Total P ~ reg form 3 29.73 -53.45 1.62 0.5379 
 null Total P ~ 1 2 29.54 -55.08 -  

Jacksonia nutans 1 Total P ~ reg form 3 29.24 -52.48 -0.53 0.1119 
 null Total P ~ 1 2 27.98 -51.95 -  

Melaleuca leuropoma 1 Total P ~ reg form 3 24.46 -42.92 -3 0.0253 
 null Total P ~ 1 2 21.96 -39.92 -  

Petrophile macrostachya 1 Total P ~ reg form 3 28.37 -50.75 -3.73 0.0166 
 null Total P ~ 1 2 25.51 -47.01 -  

Stirlingia latifolia 1 Total P ~ reg form 3 45.42 -84.84 -36.59 <0.0001 
 null Total P ~ 1 2 26.12 -48.24 -  

Verticordia grandis 1 Total P ~ reg form 3 34.48 -62.95 -12.27 0.0002 
 null Total P ~ 1 2 27.34 -50.69 -  

Banksia candolleana 1 Total Mn ~ reg form 3 -44.68 95.35 -1.55 0.0594 
 null Total Mn ~ 1 2 -46.45 96.91 -  

Daviesia chapmanii 1 Total Mn ~ reg form 3 -35.3 76.6 1.98 0.8943 
 null Total Mn ~ 1 2 -35.31 74.61 -  

Eucalyptus todtiana 1 Total Mn ~ reg form 3 -39.75 85.5 1.19 0.3668 
 null Total Mn ~ 1 2 -40.16 84.32 -  

Hakea flabellifolia 1 Total Mn ~ reg form 4 -13.69 35.38 -4.34 0.0154 
 null Total Mn ~ 1 2 -17.86 39.72 -  

Jacksonia floribunda 1 Total Mn ~ reg form 3 -25.4 56.8 1.92 0.7798 
 null Total Mn ~ 1 2 -25.44 54.88 -  

Jacksonia nutans 1 Total Mn ~ reg form 3 -21.83 49.67 -0.28 0.1309 
 null Total Mn ~ 1 2 -22.98 49.95 -  

Melaleuca leuropoma 1 Total Mn ~ reg form 3 -23.85 53.7 -5.53 0.0061 
 null Total Mn ~ 1 2 -27.61 59.22 -  

Petrophile macrostachya 1 Total Mn ~ reg form 3 -12.02 30.04 -21.21 <0.0001 
 null Total Mn ~ 1 2 -23.63 51.26 -  

Stirlingia latifolia 1 Total Mn ~ reg form 3 -29.2 64.39 1.86 0.7101 
 null Total Mn ~ 1 2 -29.27 62.53 -  

Verticordia grandis 1 Total Mn ~ reg form 4 -37.55 83.1 -7.67 0.0029 
 null Total Mn ~ 1 2 -43.38 90.77 -  
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Table S5. Generalized Least Square models (GLSs) of total leaf phosphorus (P) (mg g-1 dry 
weight) for different species within the three regeneration forms, and for the different 
regeneration forms within each species individually. Model identification and rationale, 
number of parameters (K), log likelihood (log L). The Akaike’s information criterion with a 
correction for finite sample sizes (AICc) represents the uncertainty of the model, whereby 
lower AICc values represent the more parsimonious models. ΔAICc is the difference in AICc 
values between selected and null models. The significantly different values (ANOVA) are 
indicated in bold (P < 0.05). The regeneration forms (reg form) were unburnt and burnt adult 
plants and seedlings. 

Data Model ID Model K Log L AICc Δ AICc P 

Unburnt adult MM Total P ~ species 11 89.92 -148.42 -50.58 <0.0001 

(10 species) null Total P ~ 1 2 51.08 -97.84 -  

Burnt adult MM Total P ~ species 11 75.83 -120.24 -32.96 <0.0001 

(10 species) null Total P ~ 1 2 45.8 -87.28 -  

Seedling MM Total P ~ species 12 29.02 -34.05 -53.81 <0.0001 
(6 species) null Total P ~ 1 2 -7.88 19.76 -  
Banksia candolleana MM Total P ~ reg form 5 16.67 -13.33 -36.65 <0.0001 

(unburnt, burnt, seedling) null Total P ~ 1 2 -8.99 23.32 -  

Daviesia chapmanii MM Total P ~ reg form 5 18.42 -16.83 -14.75 <0.0001 

(unburnt, burnt, seedling) null Total P ~ 1 2 3.71 -2.08 -  

Eucalyptus todtiana MM Total P ~ reg form 3 22.86 -33.73 3.75 0.1736 

(unburnt, burnt) null Total P ~ 1 2 21.94 -37.48 -  

Hakea flabellifolia MM Total P ~ reg form 3 23.99 -35.98 5.49 0.74 

(unburnt, burnt) null Total P ~ 1 2 23.94 -41.47 -  

Jacksonia floribunda MM Total P ~ reg form 4 21.05 -28.39 -7.19 <0.0001 

(unburnt, burnt, seedling) null Total P ~ 1 2 13.27 -21.2 -  

Jacksonia nutans MM Total P ~ reg form 4 21.55 -29.38 -0.03 0.0149 

(unburnt, burnt, seedling) null Total P ~ 1 2 17.34 -29.36 -  

Melaleuca leuropoma MM Total P ~ reg form 4 27.88 -42.05 -28.9 <0.0001 

(unburnt, burnt, seedling) null Total P ~ 1 2 9.24 -13.15 -  

Petrophile macrostachya MM Total P ~ reg form 3 21.82 -31.65 3.11 0.1146 

(unburnt, burnt) null Total P ~ 1 2 20.58 -34.76 -  

Stirlingia latifolia MM Total P ~ reg form 5 19.14 -18.29 -27.3 <0.0001 

(unburnt, burnt, seedling) null Total P ~ 1 2 -1.84 9.01 -  

Verticordia grandis MM Total P ~ reg form 3 13.68 -15.35 1.88 0.0538 

(unburnt, burnt) null Total P ~ 1 2 11.82 -17.23 -  
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Table S6. Linear mixed-effect models (LMMs) of leaf total phosphorus (P) and P-containing 
leaf fractions (lipid P, nucleic acid P, residual P, metabolic P and inorganic P (Pi), and Pi; mg 
g-1 dry weight) for the three regeneration forms and the three families assessed in this study. 
Model identification and rationale, number of parameters (K), log likelihood (log L). The 
Akaike’s information criterion with a correction for finite sample sizes (AICc) represents the 
uncertainty of the model, whereby lower AICc values represent the more parsimonious models. 
ΔAICc is the difference in AICc values between minimal model (MM) and the null model 
(null). Random intercepts per species were specified in the model. The significant differences 
(ANOVA) between models are indicated in bold (P < 0.05). The regeneration forms (reg form) 
were unburnt and burnt adult plants and seedlings, and the families were Fabaceae, Myrtaceae 
and Proteaceae. 

Data 
Model 

ID 
Model K Log L AICc Δ AICc P 

Total P MM 
P ~ reg form + reg 

form:family,  
random = species 

14 154.37 -276.03 -274.64 <0.0001 

 null P ~ 1, random = species 3 3.82 1.39 -  

Lipid P MM 
P ~ reg form + reg 

form:family,  
random = species 

14 323.15 -613.58 -173.51 <0.0001 

 null P ~ 1, random = species 3 223.16 -440.07 -  

Nucleic P MM 
P ~ reg form + reg 

form:family,  
random = species 

14 260.64 -488.56 -127.2 <0.0001 

 null P ~ 1, random = species 3 183.8 -361.36 -  

Residual P MM 
P ~ reg form + reg 

form:family,  
random = species 

14 440.26 -847.81 -222.51 <0.0001 

 null P ~ 1, random = species 3 315.77 -625.3 -  

Metabolic P  MM 
P ~ reg form + reg 

form:family,  
random = species 

14 232.84 -432.96 -332.97 <0.0001 

and Pi null P ~ 1, random = species 3 53.11 -99.98 -  

Pi MM 
P ~ reg form * family,  

random = species 
11 160.36 -294 -220.93 <0.0001 

(Fabaceae and 
Proteaceae) 

null P ~ 1, random = species 3 39.72 -73.07 -  
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Table S7. Generalised Least Square models (GLSs) of soil parameters, and soil phosphorus (P) 
concentration (mg g-1 dry weight) for burnt and unburnt sites at Badgingarra National Park, 
Southwest Australia. The sampled soil parameters were moisture, electrical conductivity (EC), 
pH in CaCl2 and pH in H20. The measured soil fractions were Total P, organic P (Po), inorganic 
P (Pi) and Resin‐extractable P (resin P). Model identification and rationale, number of 
parameters (K), log likelihood (log L). The Akaike’s information criterion (AIC) represents the 
uncertainty of the model, whereby lower AIC values represent the more parsimonious models. 
ΔAIC is the difference in AIC values between selected and null models. The significantly 
different values (ANOVA) are indicated in bold (P < 0.05).  

Data 
Model 
ID Model K Log L AIC Δ AIC P 

Total P 1 P ~ site 3 -27.72 61.45 -3.89 0.0152 

 null P ~ 1 2 -30.67 65.34 -  

Po 1 Po ~ site 3 -19.22 44.43 -0.74 0.0977 

  null Po ~ 1 2 -20.59 45.18 -   

Pi 1 Pi ~ site 4 -9.13 26.27 -14.42 0.0001 

  null Pi ~ 1 2 -18.34 40.69 -   

Resin P 1 Resin P ~ site 4 2.11 3.77 -8.77 0.0017 

 null Resin P ~ 1 2 -4.27 12.54 -  
Soil moisture 1 soil moisture ~ site 3 -20.83 47.66 -1.71 0.054 

  null soil moisture ~ 1 2 -22.69 49.37 -  
EC (µS cm-1) 1 EC ~ site 3 -50.40 106.80 -2.90 0.0269 

  null EC ~ 1 2 -52.85 109.70 -   
pH (CaCl2) 1 pH ~ site 3 12.54 -19.07 1.29 0.4009 

  null pH ~ 1 2 12.18 -20.37 -   
pH (H2O) 1 pH ~ site 3 26.85 -47.70 0.44 0.2117 

  null pH ~ 1 2 26.07 -48.14 -   

 
 
 
 
Table S8. Generalised Least Square models (GLSs) of seed phosphorus (P) content  
(g seed-1), seed P concentration ([P]; mg g-1), and seed mass (mg) for five species from 
Badgingarra National Park, Southwest Australia.  Model identification and rationale, number 
of parameters (K), log likelihood (log L). The Akaike’s information criterion (AIC) represents 
the uncertainty of the model, whereby lower AIC values represent the more parsimonious 
models. Δ AIC is the difference in AIC values between selected and null models. The 
significantly different value (ANOVA) is indicated in bold (P < 0.05). 

Data 
Model 
ID Model K Log L AIC Δ AIC P 

Seed P content 1 seed P ~ species 10 103.49 -186.97 -125.20 <0.0001 

 null seed P ~ 1 2 -28.89                        61.77      

Seed P concentration 1 seed [P] ~ species 10 -10.45 40.89 -97.60 <0.0001 

 null seed [P] ~ 1 2 -67.25 138.50   

Seed mass 1 seed mass ~ species 7 -19.12 52.24 -197.88 <0.0001 

 null seed mass ~ 1 2 -121.97 250.12 -  
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Figure S2. Leaf phosphorus (P) fractions (lipid P, nucleic acid P, residual P, metabolic P and 
inorganic P (Pi), and Pi) concentrations (mg g-1 dry weight) of unburnt and burnt adult plants 
and seedlings for Fabaceae, Myrtaceae and Proteaceae species collected at Badgingarra 
National Park, Southwest Australia. Box plots show medians (horizontal lines) with quartiles 
(box margins), the lowest and the highest values within 1.5-interquartile range (whiskers) and 
outliers (filled circles). Different letters indicate significant differences between all 
regeneration forms based on 95% confidence intervals (CI) from linear mixed-effects model 
(Supporting Information Table S2).  
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Table S9. Generalized Least Square models (GLSs) of the lipid fraction of leaf phosphorus (P) 
(mg g-1 dry weight) for different species within the three regeneration forms, and for the 
different regeneration forms within each species individually. Model identification and 
rationale, number of parameters (K), log likelihood (log L). The Akaike’s information criterion 
with a correction for finite sample sizes (AICc) represents the uncertainty of the model, 
whereby lower AICc values represent the more parsimonious models. ΔAICc is the difference 
in AICc values between selected and null models. The significantly different values (ANOVA) 
are indicated in bold (P < 0.05). The regeneration forms (reg form) were unburnt and burnt 
adult plants and seedlings. 

Data Model ID Model K Log L AICc Δ AICc P 

Unburnt adult MM Lipid P ~ species 11 157.33 -283.22 -63.36 <0.0001 
(10 species) null Lipid P ~ 1 2 112.09 -219.86 -  
Burnt adult MM Lipid P ~ species 11 134.48 -237.54 -38.54 <0.0001 
(10 species) null Lipid P ~ 1 2 101.66 -199 -  
Seedling MM Lipid P ~ species 12 83.54 -114.72 -31.66 <0.0001 
(6 species) null Lipid P ~ 1 2 43.81 -83.05 -  
Banksia candolleana MM Lipid P ~ reg form 5 41.05 -62.1 -32.61 <0.0001 
(unburnt, burnt, seedling) null Lipid P ~ 1 2 17.42 -29.5 -  
Daviesia chapmanii MM Lipid P ~ reg form 5 39.28 -58.56 -13.76 <0.0001 
(unburnt, burnt, seedling) null Lipid P ~ 1 2 25.07 -44.8 -  
Eucalyptus todtiana MM Lipid P ~ reg form 3 25.49 -38.98 3.25 0.1252 
(unburnt, burnt) null Lipid P ~ 1 2 24.31 -42.23 -  
Hakea flabellifolia MM Lipid P ~ reg form 3 31.33 -50.66 3.7 0.1681 
(unburnt, burnt) null Lipid P ~ 1 2 30.38 -54.36 -  
Jacksonia floribunda MM Lipid P ~ reg form 5 43.31 -72.9 5.05 0.1892 
(unburnt, burnt, seedling) null Lipid P ~ 1 2 41.64 -77.95 -  
Jacksonia nutans MM Lipid P ~ reg form 5 42.53 -77.07 -3.28 0.0262 
(unburnt, burnt, seedling) null Lipid P ~ 1 2 38.89 -73.79 -  
Melaleuca leuropoma MM Lipid P ~ reg form 5 45.43 -77.15 -12.48 <0.0001 
(unburnt, burnt, seedling) null Lipid P ~ 1 2 35 -64.66 -  
Petrophile macrostachya MM Lipid P ~ reg form 3 35.61 -64.81 -4.57 0.3109 
(unburnt, burnt) null Lipid P ~ 1 2 36.12 -60.24 -  
Stirlingia latifolia MM Lipid P ~ reg form 5 41.19 -68.67 -25.26 <0.0001 
(unburnt, burnt, seedling) null Lipid P ~ 1 2 24.37 -43.41 -  
Verticordia grandis MM Lipid P ~ reg form 3 29.14 -52.28 -2.37 0.0366 
(unburnt, burnt) null Lipid P ~ 1 2 26.95 -49.91 -  
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Table S10. Generalized Least Square models (GLSs) of the nucleic acid fraction of leaf 
phosphorus (P) (mg g-1 dry weight) for different species within the three regeneration forms, 
and for the different regeneration forms within each species individually. Model identification 
and rationale, number of parameters (K), log likelihood (log L). The Akaike’s information 
criterion with a correction for finite sample sizes (AICc) represents the uncertainty of the 
model, whereby lower AICc values represent the more parsimonious models. ΔAICc is the 
difference in AICc values between selected and null models. The significantly different values 
(ANOVA) are indicated in bold (P < 0.05). The regeneration forms (reg form) were unburnt 
and burnt adult plants and seedlings. 

Data Model ID Model K Log L AICc Δ AICc P 

Unburnt adult MM Nucleic P ~ species 11 123.3 -215.17 -45.62 <0.0001 
(10 species) null Nucleic P ~ 1 2 86.94 -169.55 -  
Burnt adult MM Nucleic P ~ species 11 118.79 -206.15 -51.12 <0.0001 
(10 species) null Nucleic P ~ 1 2 79.68 -155.04 -  
Seedling MM Nucleic P ~ species 8 58.31 -91.01 -21.7 <0.0001 
(6 species) null Nucleic P ~ 1 2 36.94 -69.31 -  
Banksia candolleana MM Nucleic P ~ reg form 5 33.66 -47.32 -24.24 <0.0001 
(unburnt, burnt, seedling) null Nucleic P ~ 1 2 14.21 -23.09 -  
Daviesia chapmanii MM Nucleic P ~ reg form 5 35.22 -50.43 -16.77 <0.0001 
(unburnt, burnt, seedling) null Nucleic P ~ 1 2 19.5 -33.66 -  
Eucalyptus todtiana MM Nucleic P ~ reg form 3 29.77 -47.53 5.52 0.7765 
(unburnt, burnt) null Nucleic P ~ 1 2 29.73 -53.05 -  
Hakea flabellifolia MM Nucleic P ~ reg form 3 29.16 -46.33 5.53 0.7968 
(unburnt, burnt) null Nucleic P ~ 1 2 29.13 -51.86 -  
Jacksonia floribunda MM Nucleic P ~ reg form 5 31.32 -48.93 -4.83 0.0014 
(unburnt, burnt, seedling) null Nucleic P ~ 1 2 24.72 -44.11 -  
Jacksonia nutans MM Nucleic P ~ reg form 4 34.7 -61.4 -3.19 0.0274 
(unburnt, burnt, seedling) null Nucleic P ~ 1 2 31.11 -58.21 -  
Melaleuca leuropoma MM Nucleic P ~ reg form 7 43.18 -44.35 -6.71 <0.0001 
(unburnt, burnt, seedling) null Nucleic P ~ 1 2 21.49 -37.65 -  
Petrophile macrostachya MM Nucleic P ~ reg form 3 28.03 -44.07 5.16 0.5086 
(unburnt, burnt) null Nucleic P ~ 1 2 27.81 -49.23 -  
Stirlingia latifolia MM Nucleic P ~ reg form 5 37.98 -62.25 -0.58 0.0113 
(unburnt, burnt, seedling) null Nucleic P ~ 1 2 33.5 -61.66 -  
Verticordia grandis MM Nucleic P ~ reg form 3 20.37 -34.73 -2.64 0.0313 
(unburnt, burnt) null Nucleic P ~ 1 2 18.05 -32.09 -  
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Table S11. Generalized Least Square models (GLSs) of residual fraction of leaf phosphorus 
(P) (mg g-1 dry weight) for different species within the three regeneration forms, and for the 
different regeneration forms within each species individually. Model identification and 
rationale, number of parameters (K), log likelihood (log L). The Akaike’s information criterion 
with a correction for finite sample sizes (AICc) represents the uncertainty of the model, 
whereby lower AICc values represent the more parsimonious models. ΔAICc is the difference 
in AICc values between selected and null models. The significantly different values (ANOVA) 
are indicated in bold (P < 0.05). The regeneration forms (reg form) were unburnt and burnt 
adult plants and seedlings. 

Data Model ID Model K Log L AICc Δ AICc P 

Unburnt adult MM Residual P ~ species 11 201.36 -371.29 -66.86 <0.0001 
(10 species) null Residual P ~ 1 2 154.38 -304.43 -  
Burnt adult MM Residual P ~ species 11 184.12 -336.81 -55.01 <0.0001 
(10 species) null Residual P ~ 1 2 143.06 -281.8 -  
seedling MM Residual P ~ species 8 95.05 -164.5 -35.82 <0.0001 
(six species) null Residual P ~ 1 2 66.63 -128.68 -  
Banksia candolleana MM Residual P ~ reg form 5 53.24 -86.48 -36.93 <0.0001 
(unburnt, burnt, seedling) null Residual P ~ 1 2 27.45 -49.56 -  
Daviesia chapmanii MM Residual P ~ reg form 5 50.53 -81.05 -9.9 <0.0001 
(unburnt, burnt, seedling) null Residual P ~ 1 2 38.25 -71.16 -  
Eucalyptus todtiana MM Residual P ~ reg form 3 36.75 -61.5 -5.68 0.0008 
(unburnt, burnt) null Residual P ~ 1 2 31.11 -55.83 -  
Hakea flabellifolia MM Residual P ~ reg form 3 42.4 -72.81 5.45 0.7029 
(unburnt, burnt) null Residual P ~ 1 2 42.33 -78.26 -  
Jacksonia floribunda MM Residual P ~ reg form 4 53.73 -93.75 -19.52 <0.0001 
(unburnt, burnt, seedling) null Residual P ~ 1 2 39.79 -74.24 -  
Jacksonia nutans MM Residual P ~ reg form 4 52.42 -91.13 -11.04 0.0001 
(unburnt, burnt, seedling) null Residual P ~ 1 2 42.72 -80.1 -  
Melaleuca leuropoma MM Residual P ~ reg form 4 58.26 -102.8 -19.08 <0.0001 
(unburnt, burnt, seedling) null Residual P ~ 1 2 44.53 -83.72 -  
Petrophile macrostachya MM Residual P ~ reg form 3 40.43 -68.86 5.18 0.5161 
(unburnt, burnt) null Residual P ~ 1 2 40.22 -74.04 -  
Stirlingia latifolia MM Residual P ~ reg form 4 64.55 -115.39 -27.07 <0.0001 
(unburnt, burnt, seedling) null Residual P ~ 1 2 46.82 -88.32 -  
Verticordia grandis MM Residual P ~ reg form 3 37.78 -63.57 -2.04 0.0057 
(unburnt, burnt) null Residual P ~ 1 2 33.96 -61.52 -  
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Table S12. Generalized Least Square models (GLSs) of metabolic phosphorus (P) and 
inorganic P (Pi) fractions of leaf P (mg g-1 dry weight) for different species within the three 
regeneration forms, and for the different regeneration forms within each species individually. 
Model identification and rationale, number of parameters (K), log likelihood (log L). The 
Akaike’s information criterion with a correction for finite sample sizes (AICc) represents the 
uncertainty of the model, whereby lower AICc values represent the more parsimonious models. 
ΔAICc is the difference in AICc values between selected and null models. The significantly 
different values (ANOVA) are indicated in bold (P < 0.05). The regeneration forms (reg form) 
were unburnt and burnt adult plants and seedlings. 

Data 
Model 

ID 
Model K Log L AICc Δ AICc P 

Unburnt adult MM 
Metabolic P and Pi ~ 

species 
11 121.35 -211.27 -33.83 <0.0001 

(10 species) null Metabolic P and Pi ~ 1 2 90.89 -177.45 -  

Burnt adult MM 
Metabolic P and Pi ~ 

species 
11 104.66 -177.89 -6.41 0.0001 

(10 species) null Metabolic P and Pi ~ 1 2 87.9 -171.48 -  

seedling MM 
Metabolic P and Pi ~ 

species 
8 39.02 -52.44 -54.11 <0.0001 

(6 species) null Metabolic P and Pi ~ 1 2 1.45 1.67 -  

Banksia candolleana MM 
Metabolic P and Pi ~ 

reg form 
5 21.3 -22.6 -33.5 <0.0001 

(unburnt, burnt, 
seedling) 

null Metabolic P and Pi ~ 1 2 -2.78 10.9 -  

Daviesia chapmanii MM 
Metabolic P and Pi ~ 

reg form 
5 26.33 -32.66 -13.56 <0.0001 

(unburnt, burnt, 
seedling) 

null Metabolic P and Pi ~ 1 2 12.21 -19.1 -  

Eucalyptus todtiana MM 
Metabolic P and Pi ~ 

reg form 
3 25.29 -38.57 5.58 0.8937 

(unburnt, burnt) null Metabolic P and Pi ~ 1 2 25.28 -44.15 -  

Hakea flabellifolia MM 
Metabolic P and Pi ~ 

reg form 
3 29.7 -47.41 4.89 0.3981 

(unburnt, burnt) null Metabolic P and Pi ~ 1 2 29.35 -52.29 -  

Jacksonia floribunda MM 
Metabolic P and Pi ~ 

reg form 
4 31.17 -48.63 -8.02 0.0003 

(unburnt, burnt, 
seedling) 

null Metabolic P and Pi ~ 1 2 22.97 -40.6 -  

Jacksonia nutans MM 
Metabolic P and Pi ~ 

reg form 
4 30.78 -47.85 1.16 0.0271 

(unburnt, burnt, 
seedling) 

null Metabolic P and Pi ~ 1 2 27.17 -49.01 -  

Melaleuca leuropoma MM 
Metabolic P and Pi ~ 

reg form 
4 34.9 -56.08 -22.55 <0.0001 

(unburnt, burnt, 
seedling) 

null Metabolic P and Pi ~ 1 2 19.43 -33.53 -  

Petrophile 
macrostachya 

MM 
Metabolic P and Pi ~ 

reg form 
3 24.81 -37.62 2.57 0.0816 

(unburnt, burnt) null Metabolic P and Pi ~ 1 2 23.29 -40.19 -  

Stirlingia latifolia MM 
Metabolic P and Pi ~ 

reg form 
5 26.09 -32.18 -35.3 <0.0001 

(unburnt, burnt, 
seedling) 

null Metabolic P and Pi ~ 1 2 1.1 3.12 -  

Verticordia grandis MM 
Metabolic P and Pi ~ 

reg form 
3 23.41 -34.82 5.41 0.6588 

(unburnt, burnt) null Metabolic P and Pi ~ 1 2 23.31 -40.22 -  
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Table S13. Generalized Least Square models (GLSs) of leaf inorganic phosphorus (Pi; mg g-1 
dry weight) for different species within the three regeneration forms, and for the different 
regeneration forms within each species individually. Model identification and rationale, 
number of parameters (K), log likelihood (log L). The Akaike’s information criterion with a 
correction for finite sample sizes (AICc) represents the uncertainty of the model, whereby 
lower AICc values represent the more parsimonious models. ΔAICc is the difference in AICc 
values between selected and null models. The significantly different values (ANOVA) are 
indicated in bold (P < 0.05). The regeneration forms (reg form) were unburnt and burnt adult 
plants and seedlings. 

Data Model ID Model K Log L AICc Δ AICc P 

Unburnt adult MM Pi ~ species 7 85.0664 -149.133 -35.0782 <0.0001 
(six species) null Pi ~ 1 2 59.313 -114.055     

Burnt adult MM Pi ~ species 7 65.1293 -109.259 -12.3873 <0.0001 
(six species) null Pi ~ 1 2 50.7213 -96.8712    
seedling MM Pi ~ species 8 38.2039 -50.8078 -48.883 <0.0001 
(six species) null Pi ~ 1 2 3.2482 -1.9249     

Daviesia chapmanii MM Pi ~ reg form 5 30.6721 -41.3443 -19.241 <0.0001 
(unburnt, burnt, seedling) null Pi ~ 1 2 13.7183 -22.1033     
Hakea flabellifolia MM Pi ~ reg form 3 29.3088 -46.6177 5.343 0.6122 
(unburnt, burnt) null Pi ~ 1 2 29.1803 -51.9607     
Jacksonia floribunda MM Pi ~ reg form 5 40.5588 -61.1175 -23.415 <0.0001 
(unburnt, burnt, seedling) null Pi ~ 1 2 21.5179 -37.7025    

Jacksonia nutans MM Pi ~ reg form 4 29.345 -44.9757 -1.9417 0.0057 
(unburnt, burnt, seedling) null Pi ~ 1 2 24.1837 -43.034     

Petrophile macrostachya MM Pi ~ reg form 3 26.9833 -41.9665 -5.295 0.5808 
(unburnt, burnt) null Pi ~ 1 2 26.8308 -47.2615     

Stirlingia latifolia MM Pi ~ reg form 5 27.3136 -34.6271 -37.2985 <0.0001 
(unburnt, burnt, seedling) null Pi ~ 1 2 1.331 2.6714     
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Table S14. Generalized Least Square models (GLSs) of net photosynthetic rates of youngest 
fully expanded leaves at saturating light intensity (Amax) for two regeneration forms, adults 
from unburnt site and burnt adults from burnt site, within each of the Proteaceae species. Model 
identification and rationale, number of parameters (K), log likelihood (log L). The Akaike’s 
information criterion (AIC) represents the uncertainty of the model, whereby lower AIC values 
represent the more parsimonious models. ΔAIC is the difference in AIC values between 
selected and null models. The significantly different values (ANOVA) are indicated in bold (P 
< 0.05). 

Data Model ID Model K Log L AIC Δ AIC P 

Banksia candolleana 1 Amax ~ reg form 3 -49.5837 105.1674 11.59327 0.0002 

 null Amax ~ 1 2 -56.3803 116.7607   

Hakea flabellifolia 1 Amax ~ reg form 3 -53.8392 113.6785 1.486905 0.4738 

  null Amax ~ 1 2 -54.0958 112.1916   

Petrophile macrostachya 1 Amax ~ reg form 3 -51.2842 108.5685 1.460084 0.4625 

  null Amax ~ 1 2 -51.5542 107.1084   

Stirlingia latifolia 1 Amax ~ reg form 3 -48.9444 103.8888 1.333028 0.0679 

  null Amax ~ 1 2 -50.6109 105.2218   
 
 
Table S15. Generalized Least Square models (GLSs) of stomatal conductance (g) of youngest 
fully expanded leaves at saturating light intensity for two regeneration forms, adults from 
unburnt site and burnt adults from burnt site, within each of the Proteaceae species. Model 
identification and rationale, number of parameters (K), log likelihood (log L). The Akaike’s 
information criterion (AIC) represents the uncertainty of the model, whereby lower AIC values 
represent the more parsimonious models. ΔAIC is the difference in AIC values between 
selected and null models. The significantly different values (ANOVA) are indicated in bold (P 
< 0.05). 

Data Model ID Model K Log L AIC Δ AIC P 

Banksia candolleana 1 g ~ site 3 35.45518 -64.9104 5.866671 0.005 

 null g ~ 1 2 31.52185 -59.0437    
Hakea flabellifolia 1 g ~ site 3 16.57902 -27.158 6.283387 0.004 

  null g ~ 1 2 12.43733 -20.8747     

Petrophile macrostachya 1 g ~ site 3 14.50568 -23.0114 3.871614 0.0154 

  null g ~ 1 2 11.56987 -19.1398     

Stirlingia latifolia 1 g ~ site 3 23.69344 -41.3869 14.58336 <0.0001 

  null g ~ 1 2 15.40176 -26.8035     
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Chapter 4 

Does spatial heterogeneity influence seedling establishment in 

ironstone outcrops? 

 

ABSTRACT 

Environmental filters select species with viable ecological strategies from a larger species pool, 

thereby limiting the set of potentially coexisting species in plant communities.  Paradoxically, 

some of the world’s most biodiverse communities are subjected to strong abiotic filters, 

especially at the vulnerable seedling stage. Spatial heterogeneity within communities broadens 

the range of viable strategies, by providing a variety of microhabitats. Here, we investigated 

fine-scale abiotic and biotic drivers of seedling establishment to unveil the role of microhabitat 

heterogeneity in promoting species coexistence and diversity in a harsh megadiverse ironstone 

outcrop ecosystem. We characterised environmental heterogeneity associated with the 

presence of two dominant shrubs, generally taller than the other species, Mimosa calodendron 

(Fabaceae) and Lychnophora pinaster (Asteraceae), and tested whether seedling abundance 

and adult richness of all species are greater under presumably milder conditions in 

microhabitats associated with these shrubs. We also assessed whether seedling growth and 

survival differed between specific microhabitats. Spatial heterogeneity in the community was 

mostly driven by differences in substrate properties, and plots associated with M. calodendron 

and L. pinaster exhibited different biotic and abiotic conditions than those lacking these shrubs. 

Microhabitat under these two species had greater seedling abundance and adult richness, 

suggesting an apparent beneficial effect of the environmental conditions associated with these 

plants. However, we identified two potential negative plant-plant interactions: larger crown 



Chapter 4 

107 
 

area of the two dominant shrubs was negatively associated with species richness, and greater 

understorey plant cover with seedling abundance. None of the measured attributes were good 

predictors of seedling survival, and relative growth rates of seedlings were lower in plots with 

the dominant shrubs and in fragmented rock substrates, and could reflect differences in 

resource availability among microhabitats. Our study shows that regeneration from seed in 

ferruginous campo rupestre is marked by complex spatial heterogeneity driven by abiotic and 

biotic factors that affect seedling growth and abundance, thereby allowing species coexistence 

and promoting species diversity. 

 

INTRODUCTION  

 Plants are at highest risk of mortality during early stages of development (Stearns 1976; 

Moles & Westoby 2004; Kitajima & Fenner 2009); hence, regeneration of plant communities 

is fine-tuned with environmental conditions that allow seed germination, successful seedling 

establishment and growth to ensure species persistence (Grubb 1977; Leck et al. 2008). Many 

environmental factors related to substrate and plant cover affect seedling survival, including 

microtopography (Hughes et al. 2016), soil properties (Ailstock et al. 2008), litter layer (Loydi 

et al. 2013), canopy cover (Nicotra et al. 2010; Ibáñez et al. 2015), plant-plant interactions 

(Rodríguez-García et al. 2011; Boeken 2018), and plant-microbe interactions (Reynolds et al. 

2003; Mangan et al. 2010). Seedling survival is also influenced by complex interactions 

between environmental conditions and species traits (Milberg & Lamont 1997; Lloret et al. 

1999; Larson & Funk 2016b), hindering our understanding of demographic patterns, and our 

ability to predict the impact of environmental change on regeneration processes (Larson & 

Funk 2016a). 
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 Environmental conditions vary in space, and drive community assembly processes 

across different scales, from biomes to microhabitats (Conti et al. 2017; Stark et al. 2017; 

Scherrer et al. 2019). Seed germination and seedling establishment are mostly driven by biotic 

and abiotic conditions at the microenvironmental level, that is, not larger than the largest 

individual plants in the plant community (Kollmann 2000; Mangan et al. 2010), and variation 

in seedling traits within communities can be as great as that between them (Wright & Westoby 

1999). Thus, to understand the spatial structure and dynamics of plant communities, we need 

to investigate seedling abundance, growth and survival in different microhabitats. 

 By providing a variety of different microhabitats, spatial and temporal heterogeneity 

within communities is often considered one of the main drivers of species coexistence, and 

consequently of diversity in plant communities (Wright 2002; Adler et al. 2013; Kraft et al. 

2015; Falster et al. 2017). For instance, campo rupestre is an old and nutrient-impoverished 

montane grassland (Hopper et al. 2016; Silveira et al. 2016), where spatial heterogeneity is 

associated with remarkable species diversity (Silveira et al. 2016; Carmo & Jacobi 2016). This 

ecosystem consists of a mosaic of grasslands associated with rocky outcrops, where soil depth 

varies with local topography and faulting/fracturing, providing a diversity of soil environments 

that have led to the assembly of distinct plant communities within the same landscape (Alves 

& Kolbek 2010; Le Stradic et al. 2015; Carmo & Jacobi 2016; Abrahão et al. 2019). At a very 

fine scale, variation in rock microrelief within rocky outcrops also affects species composition, 

and is associated with different strategies to cope with water shortage and mechanical 

resistance to root growth (Carmo et al. 2016). 

At the community scale, stressful abiotic conditions in campo rupestre represent a 

strong biological filter for both seedlings and mature plants, selecting species with similar 

strategies (Negreiros et al. 2014; Dayrell et al. 2018). Despite these harsh conditions, 

ferruginous campo rupestre (i.e. established in ironstone outcrops), locally known as canga, 
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comprises more than 1,436 plant species in a small area of 1,580 km2 in Southeast Brazil 

(Carmo et al. 2018). The large number of species that coexist in this harsh environment pose a 

question of whether a variety of microhabitats for seedlings plays an essential role in species 

coexistence and species diversity. Studies on seedlings of ironstone outcrops are limited in 

number and mostly focused on specific groups (e.g., Poot & Lambers 2003; Yates et al. 2011), 

and we still do not understand patterns of regeneration processes from a community 

perspective. Since this is a habitat extremely threatened by mining-related activities (Salles et 

al. 2019), this information is relevant to better inform conservation and restoration of the 

remaining areas. 

 Two dominant shrubs, Mimosa calodendron (Fabaceae) and Lychnophora pinaster 

(Asteraceae)  occur in soil-filled depressions, steps and crevices, where soil and water 

accumulate, thus occupying microhabitats with milder environmental conditions within 

ferruginous campo rupestre (Jacobi et al. 2007; Carmo & Jacobi 2016). Here, we studied 

seedling establishment in microhabitats directly influenced by one of these two dominant 

species, as compared with microhabitats lacking both species. We aimed to unveil fine-scale 

abiotic and biotic drivers of seedling establishment, and to understand how regeneration from 

seed occurs in this type of environment. Specifically, we tested whether 1) microhabitats 

beneath M. calodendron and L. pinaster are different to those lacking both species, 2) seedling 

abundance, growth and survival, and adult richness of understorey species are greater under 

the crown of these two shrubs, and are positively correlated with shrub cover and soil depth. 
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METHODS 

Study site 

The Iron Quadrangle is a mountainous region in Southeast Brazil and constitutes an 

ecotonal area between two global biodiversity hotspots, the Cerrado and the Atlantic 

Rainforest ecoregions (Myers et al. 2000). For tens of millions of years, chemical and physical 

weathering of the iron-rich rocks in the higher plateaus and in the mountain crests of the Iron 

Quadrangle formed crusts of iron oxy-hydroxides, which are generally called ironstone 

outcrops, locally known as canga (Schaefer et al. 2016). The soils in these habitats are shallow, 

acidic and remarkably phosphorus (P)-impoverished (Schaefer et al. 2016; Carmo & Jacobi 

2016), constituting a strong edaphic filter that resulted in islands of ferruginous campo rupestre 

embedded in an Atlantic Forest and Cerrado matrix (Silveira et al. 2016; Carmo & Jacobi 

2016; Salles et al. 2019). This ecosystem is also heavily impacted by mining-related activities, 

as it is strongly associated with iron ore deposits, having lost more than 50% of its original area 

(Salles et al. 2019). 

This study was conducted in a landscape of ferruginous campo rupestre at Serra da 

Calçada (located in the Iron Quadrangle region; 20°06'S, 43°58'W, altitude of approximately 

1,500 m a.s.l.). The study site had no history of topsoil removal activities and no signs of 

invasion by exotic plant species. Temperature is 10–26°C in winter and 18–30°C in summer, 

and mean annual rainfall is 1,485 mm, of which nearly 90% falls between October and March 

(Instituto Nacional de Meteorologia, average between 1981 and 2010 from Estação Ibirité; 

http://www.inmet.gov.br/portal/index.php?r=clima/normaisclima tologicas).   

The study site encompasses an area dominated by two sclerophyllous and perennial 

shrubs, M. calodendron and L. pinaster, which are generally prevalent in ironstone outcrops at 

the Iron Quadrangle (Viana & Lombardi 2007; Carmo et al. 2016; Carmo & Jacobi 2016). 



Chapter 4 

111 
 

Lychnophora pinaster is restricted to campo rupestre of Minas Gerais state (Loeuille 2015), 

whereas M. calodendron is restricted only to ironstone outcrops at the Iron Quadrangle (Carmo 

et al. 2018). In general, individuals of M. calodendron were taller and exhibited a larger crown 

area than those of L. pinaster. Adult individuals of L. pinaster sampled in this study had an 

average height of 56 ± 10 mm (mean ± SD, range 37–66 mm) and a crown area of 0.65 ±0.5 

m2 (range 0.2–1.9), while those of M. calodendron had an average height of 86 ± 14 mm (range 

67–109 mm) and a crown area of 1.1 ±0.6 m2 (range 0.3–2.8). 

Sampling design 

We established three parallel 50 m long transects, each 100 m apart from each other. 

Five blocks were established in each transect (at each 10 m). Each plot consisted of three 50 x 

50 cm plots differing according to the presence of: 1) M. calodendron, 2) L. pinaster, 3) neither 

of these species, i.e. 1 m away from the crown of these two species (Figure 1; n = 15 plots 

associated with each species, n = 45 plots in total). We first selected the adult individual of M. 

calodendron closest to each 10 m mark. We then randomly drew a direction and picked an 

adult individual of L. pinaster distancing 1 m from any adult individual of M. calodendron, 

moving the plot clockwise whenever necessary. Finally, the same process was used to select a 

plot distancing 1 m from any adult individual of M. calodendron and L. pinaster. The size of 

the plot was chosen to maximise the number of seedlings sampled, while allowing for the 

search of very small seedlings and preventing the plot from exceeding the average area under 

the shrub crown.  
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Figure 1. Plots in ferruginous 
campo rupestre with the presence 
of a) Mimosa calodendron, b) 
Lychnophora. pinaster, c) neither, 
i.e. 1 m away from the crown of 
these two species. Quadrats 
measuring 25 x 25 cm (a quarter 
of the plot) with 16 subdivisions 
(shown in the three photos) were 
used to aid visual estimation of 
ground cover and map the location 
of seedlings. 

 

 

Plot survey 

Our survey was carried out from April to early June 2015, at the rainy-to-dry season 

transition. We recorded species richness (i.e. species number) and seedling abundance and 

composition for each plot. The percentage of understorey plant cover (including all plants 

a 

b 

c 
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under the crown of M. calodendron and L. pinaster), ferricrete cover (i.e. bare rock) and 

fragmented rock (gravel) cover was estimated visually, adding up to the 100% ground cover 

within each plot. We also estimated visually the litter cover percentage of total ground cover. 

Quadrats measuring 25 x 25 cm with 16 subdivisions were used to aid visual estimation (Figure 

1), following the method described by Wikum & Shanholtzer (1978), but adapted to a finer 

scale. Substrate depth (cm; i.e., soil plus litter layer) was measured with a calliper until it 

reached the rock at 16 points within each plot (eight equally-spaced points in each diagonal of 

the plot). The substrate depth of the 16 points was then averaged for each plot. Maximum (A) 

and minimum (B) crown diameters of shrubs were measured to calculate crown area, 

considering crown shape as an ellipse: 

 Crown area = π * A/2 * B/2          (eqn. 1)  

Seedlings 

We defined seedlings as structurally simple, small individuals, unbranched shoot, with 

no signs of resprouts or clonal origin and absence of reproductive organs. The presence of 

embryonic structures such as persistent cotyledons was not a requirement, and, thus, our 

definition comprises both seedlings and juveniles (sensu Gatsuk et al. 1980). In each plot, we 

identified all seedlings in the plots, and measured their initial heights (H0), either with a digital 

calliper or a measuring tape. Due to absence of reproductive structures, many seedlings could 

not be identified past the genus-level. We also recorded the type of substrate (fragmented rocks; 

or associated with at least some soil, ferricrete, or on other plants and biocrusts) seedlings were 

established on at the rooting point (stem base) and the presence of a litter layer. 

To assess seedling survival and growth, we mapped the position of all seedlings in each 

plot during the survey in 2015 with the aid of the quadrats (Figure 1) and reassessed them in 

the subsequent onset of the dry season in May 2016. At the time of reassessment in 2016, two 



Chapter 4 

114 
 

plots had been vandalised and six seedlings were lost and excluded from survival and growth 

analysis. Missing individuals were scored as dead. We measured final height (Hf) of the 

surviving individuals and calculated the relative growth rate (RGR) over a time period (tp) of 

one year according to the following equation: 

𝑅𝐺𝑅 =
ln 𝐻𝑓 −ln 𝐻0

𝑡𝑝
          (eqn. 2) 

Statistical analyses 

Statistical analyses were performed with the R software platform (R Development Core 

Team 2017) and graphs created with ‘ggplot2’ package (Wickham 2016). We explored the 

measured attributes within the plots using a principal component analysis (PCA) to assess 

whether the multivariate structure of the dataset could effectively represent both substrate- and 

plant-driven spatial heterogeneity and to investigate the relative importance of the attributes 

and the relationships among them. First, attribute values of each plot were transformed to 

provide distributions as close as possible to normality. Then, a PCA of transformed attribute 

values was performed using the ‘prcomp’ function computed with the correlation method. We 

used LMMs as described below to assess differences in principal components (PC1, PC2 and 

PC3) between associated species. 

To investigate the environmental variables associated with plant richness and seedling 

establishment, we used generalised linear mixed-effects models (GLMMs) and linear mixed-

effects models (LMMs) with block nested within transect as random effects to avoid pseudo-

replication (Pinheiro & Bates 2000). Separate analyses were conducted for each of the two 

dependent variables associated with the plots, species richness and seedling abundance (Table 

1). The potential explanatory variables initially considered as fixed effects in both analyses 

were associated species (Lychnophora pinaster, Mimosa calodendron or neither), crown area 

(m2), understorey plant cover (%), fragmented rock cover (%), litter cover (%) and substrate 
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depth (mm). Initial analysis showed that fragmented rock cover and ferricrete cover (%) were 

confounded, and thus the later was excluded from the model. We then tested whether associated 

species could explain differences in seedling abundance of the most prevalent species 

individually (seedling number > 5; Table 1, Table 2).  

Finally, analyses were conducted separately for each of the two dependent variables 

associated with each individual seedling: survival and growth (Table 1). The potential 

explanatory variables initially considered as fixed effects in both analyses were: associated 

species (M. calodendron or L. pinaster or neither); establishment in fragmented rocks (yes or 

no); establishment on other plants and biocrusts (yes or no); presence of litter layer (yes or no); 

seedling species; seedling initial height and the interaction of these two last factors. To ensure 

a minimum number of species per group, all species with less than five seedlings recorded for 

all 45 plots were grouped as dicots (n = 17) and monocots (n = 10; Table 2).  

Species richness and seedling growth were analysed using LMMs, performed with the 

‘nlme’ package (Pinheiro et al. 2017). Due to heteroscedasticity, variance structure of the data 

was modelled first using the ‘weights’ option in the ‘lme’ function with best variance structure 

determined according to AIC comparisons (Zuur et al. 2009). For all other analyses, we used 

GLMMs with different error distribution models that better fitted each dependent variable. The 

lme4 package (Bates et al. 2015) was used to fit GLMMs with negative binomial distribution 

for seedling abundance, and a binomial distribution for seedling survival. The glmmTMB 

package (Brooks et al. 2017) was used to fit GLMMs with Poisson distribution for seedling 

abundance of M. calodendron and zero-inflated Poisson distribution for seedling abundance of 

all other prevalent species. Significance of models was estimated by comparing a minimal 

model with the null model. In GLMMs and LMMs, the minimal models were obtained by a 

stepwise deletion of non-significant parameters and their interaction (P>0.05), starting from a 

full factorial model. In the minimal model, only significant factors remained. Comparisons 
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between significant parameters within each model were determined by the post-hoc Tukey–

Kramer honest test (McCulloch & Neuhaus 2005) by using ‘lsmeans’ package (Lenth 2016).  

Table 1. List of dependent and independent (potential explanatory) variables analysed, with 
respective sampling units. Each dot (●) indicates one variable and indented text indicate levels 
within variables when present. Units of measurement are shown in parenthesis. One model was 
constructed for each dependent variable. Block was included as random effect in all models. 

Sampling unit Dependent variables Independent variables 

plot 
● species richness 
● seedling abundance 

● associated species 
Lychnophora pinaster 
Mimosa calodendron 
neither 

● crown area (m2) 
● understorey plant cover (%) 
● fragmented rock cover (%) 
● litter cover (%) 
● substrate depth (mm) 

plot 

seedling abundance of most  ● associated species 
prevalent species: Lychnophora pinaster 
● Lychnophora pinaster Mimosa calodendron 
● Microstachys corniculata neither 
● Mimosa calodendron  

● Symphyopappus brasiliensis  

● Vellozia spp.   

seedling 
(each individual) 

● seedling survival 
● seedling growth 

● associated species 
Lychnophora pinaster 
Mimosa calodendron 
neither 

● establishment in fragmented rocks 
yes or no 

● establishment on other plants,   
    and biocrusts 

yes or no 
● presence of litter layer  

yes or no 
● seedling species 

Lychnophora pinaster 
Microstachys corniculata 
Mimosa calodendron 
Symphyopappus brasiliensis 
Vellozia spp. 
dicots 
monocots 

● seedling initial height (mm) 
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Table 2. List of species with seedlings in ferruginous campo rupestre at Serra da Calçada, 
Southeast Brazil. The column “seedlings (n)” indicates the total number of seedlings found for 
each species in the 45 plots; the column “plots (n)” indicates the number of plots, out of 45, in 
which the species was found. Survival refers to rate of seedling survival: individuals that lived 
(L) divided by the total initial number (T), and survival percentage (in parentheses). Height is 
the initial height and values are shown as mean (±SE). Non-identified (NI). 

Family / species 
seedlings 

(n) 
plots 
(n) 

survival 
L/T (%) 

height 
(mm) 

Apocynaceae        

Ditassa sp. D 1 1 1/1 (100) 124   

Asteraceae        

Lychnophora pinaster * 13 8 6/12 (50) 45 ± 5 

Symphyopappus brasiliensis * 13 7 8/13 (62) 48 ± 12 

Bromeliaceae        

Dyckia consimilis M 4 3 2/4 (50) 15 ± 5 

Euphorbiaceae        

Microstachys corniculata * 6 4 4/6 (67) 53 ± 13 

Fabaceae        

Mimosa calodendron * 28 7 17/28 (61) 36 ± 5 

Orchidaceae        

Hoffmannseggella caulescens M 1 1 0/1 (0) 26   

Rubiaceae        

NI D 4 2 4/4 (100) 50 ± 19 

Velloziaceae        

Vellozia spp. * 100 17 66/95 (69) 9 ± 1 

Verbenaceae        

Stachytarpheta sp. D 3 3 2/3 (67) 32 ± 25 

NI 2 1 0/2 (0) 24   

NI (dicots) D 7 4 3/7 (43) 24 ± 4 

NI (monocots) M 5 5 1/5 (20) 40 ± 13 

* most common species. D species grouped as dicots. M species grouped as monocots (see methods). 
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RESULTS 

Substrate- and plant-driven spatial heterogeneity  

Principal component 1 explained 40.6% of the variance of measured attributes 

amongst all sampled plots in the ferruginous campo rupestre, and correlated positively with 

ferricrete cover (Pearson’s r = 0.80) and negatively with litter cover, fragmented rock cover, 

substrate depth and crown area (Pearson’s r > 0.70, Figure 2). This axis separated plots where 

the ironstone was fragmented and litter cover was greater from those where ferricrete cover 

prevailed. Principal component 2 explained 20.6% of the variance, and correlated negatively 

with understorey plant cover (Pearson’s r = 0.86) and positively with seedling abundance 

(Pearson’s r = 0.52) and fragmented rock cover (Pearson’s r = 0.47). Thus, PC2 separated 

plots with more understorey plant cover from those where seedlings were more abundant. 

Principal component 3 accounted for an additional 12.8% of the total variance in attributes 

and was mainly correlated with species richness (Pearson’s r = 0.78), which did not correlate 

well with the first two axes. Principal component 1 and 2, but not PC3, separated plots where 

M. calodendron and L. pinaster were present from those where neither of these two species 

were present (Table S1). 
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(a)  

 
(b) 

 
Figure 2. A principal components analysis (PCA) showing the main axes of variability in 
measured attributes amongst 45 plots in a ferruginous campo rupestre, Southeast Brazil. Axis 
1 versus axis 2 (a) and axis 1 versus axis 3 (b) are shown. Plot scores are clustered into three 
groups according to the presence of adults of Mimosa calodendron (purple triangle) or 
Lychnophora pinaster (orange square) or the absence of both species (black dots). Confidence 
ellipses represent 95% intervals of confidence around the groups. Solid arrows indicate 
direction and weighing of loadings (vectors) representing the eight variables assessed in each 
plot. Measured variables are understorey plant cover (underst_cover), ferricrete cover 
(ferricrete), fragmented rock cover (frag_rock), litter cover (litter), crown area, substrate depth 
(subst_depth), seedling abundance and species richness (richness). 
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Among all environmental variables assessed within the plots (i.e. associated species, 

crown area, understorey plant cover, fragmented rock cover, litter cover and substrate depth), 

only associated species and crown area had a significant effect on species richness (P<0.0001; 

Table S2). Species richness was greater in plots were M. calodendron was present, followed 

by plots associated with L. pinaster, and it was lowest in plots with neither of these species 

(Figure 3a). Despite greater species richness in plots associated with the two shrubs, species 

richness decreased with increasing crown area (Figure 3c). Both associated species and 

understorey plant cover had an effect on seedling abundance (P=0.0082; Table S2): seedling 

abundance was greater in plots where M. calodendron was present compared with plots with 

neither of the two associated species (Figure 3c), and negatively associated with understorey 

plant cover (Figure 3d).  
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 (a) (b) 
   

  
(c) (d) 

 
 
Figure 3. Environmental variables associated with species richness and seedling abundance for
45 plots in ferruginous campo rupestre, Southeast Brazil. Environmental variables were 
associated species (a, c), crown area (m2) of the associated species (b) and fraction of 
understorey plant cover (d). Each line represents the line of best fit and grey areas indicate the 
95% confidence interval derived from generalised linear mixed-effect models (GLMMs; Table 
S2). Dots are values of individual plots coloured according to the presence of Mimosa 
calodendron (purple) or Lychnophora pinaster (orange) adult shrubs or absence of either of the 
two species (black). Model coefficients (β; slope of the line) and P-values (P). Black and larger 
dots (in b and d) represent means, grey and smaller dots are individual samples, error bars are 
SE, and different lower-case letters represent significant differences between groups based on 
GLMMs (Table S2) followed by the Tukey–Kramer honest test. Seedling abundance of one plot 
with L. pinaster as associated species (value = 43) was omitted in (c and d) to improve 
visualisation. 

 

β = -2.37 

P <0.001 
 

β = -4.17 

P = 0.016 
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Understorey adult plants 

 Adult plants of some species and plant groups, apart from L. pinaster and M. 

calodendron, were commonly found on the study site (Table S3). The most dominant families 

were Velloziaceae and Poaceae, which were found in 82% and 76% of the plots, respectively. 

The most abundant species of other families were Hoffmannseggella caulescens (Orchidaceae; 

53% of the plots), Trilepis lhotzkiana (Cyperaceae; 33%), Symphyopappus brasiliensis 

(Asteraceae; 27%) and Microstachys corniculata (Euphorbiaceae; 11%). 

 

Seedling spatial patterns 

A total of 187 seedlings were recorded in the 45 plots (Table 2), equivalent to a density 

of 16.6 seedlings per m2. More than half of the seedlings were Vellozia spp. (n=100, Figure 4a), 

present in over a third of the plots. Mimosa calodendron was the second most abundant species 

(n=28, Figure 4b), followed by L. pinaster and S. brasiliensis (n=13 each, Figure 4c), and M. 

corniculata (n=6). Some rare species were Ditassa sp., Stachytarpheta sp., Dyckia consimilis 

and H. caulescens. Twelve of the 45 plots (~27%) had no seedlings.   
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Figure 4. Seedlings of a) Vellozia spp., b) Mimosa calodendron, and c) Lychnophora pinaster in 
ferruginous campo rupestre. a) Yellow arrow heads show seedlings amongst the fragmented rock 
substrate, and the white arrow shows a pencil. 
 

Seedling survival and growth 

Overall, 63% of the seedlings survived over the measured year. None of the measured 

attributes (i.e. associated species, establishment in fragmented rocks, establishment on other 
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plants and biocrusts, presence of litter, initial height, and species) was a good predictor of 

seedling mortality. Establishment on fragmented rocks was the best predictor amongst all 

attributes, but had no significant effect on seedling survival compared with the null model 

(P=0.104; Table 3; Figure S1, Figure S2). On the other hand, associated species, establishment 

in fragmented rocks, seedling species, initial height and the interaction between the last two 

had a significant effect on seedling growth (P<0.0001; Table 3). This reflected the differential 

growth rates among species (faster relative growth rates when the two shrub species were 

absent, slower growth with increase in seedling size) and the greater growth of seedlings 

established on substrates other than fragmented rocks, that is, organic substrate (either litter or 

other plants and biocrusts), since no seedlings were found on ferricrete (Figure 5; Figure S3).  

In plots where a shrub of M. calodendron was present, seedlings of M. calodendron were more 

abundant, while seedlings of Vellozia spp. were less abundant compared with the plots with the 

presence of L. pinaster or neither of the two associated species (Figure S4; Table S4). 

 

Table 3. Generalised linear mixed-effect models (GLMMs) of seedling survival and growth for 
plots in a ferruginous campo rupestre. The potential explanatory variables initially considered 
as fixed effects in the full model were associated species (associated sp; Lychnophora pinaster, 
Mimosa calodendron, neither), establishment on fragmented rocks (frag), establishment on 
other plants and biocrusts, presence of litter layer, seedling species, seedling initial height, and 
the interaction of the last two (sp * h0). Random intercepts per blocks nested within transects 
were specified in the model. The Akaike’s information criterion (AIC) represents the 
uncertainty of the model, whereby lower AIC values represent the more parsimonious models. 
Δ AIC is the difference in AIC values between minimal model (MM) and the null model (null). 
Model identification is (Model ID), rationale (Model), number of parameters (K), and log 
likelihood (Log L).  The significant differences (ANOVA) between minimal and null models 
are indicated in bold (P<0.05). Analysed seedlings species shown in Table 2. 

Data Model 
ID 

Model K Log L AIC Δ AIC P 

Total 
seedlings 

MM1 survival ~ frag 
random = transect/block 4 -97.6 203.2 -0.8 0.0976 

  null1 survival ~ 1  
random = transect/block 3 -99.0 204.0   

Surviving 
seedlings 

MM2 RGR ~ associated sp + sp * h0 + frag 
random = transect/block 21 5.0 32.0 -80.6 <0.0001 

 null 
RGR ~ 1  

random = transect/block 4 -52.3 112.7   

1 binomial distribution specified; 2 normal distribution with specified variance structure.  
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(a) (b) 

(c)  

 
 
Figure 5. One-year relative growth rates (mm mm-1 year-1) of surviving seedlings in a 
ferruginous campo rupestre in Southeast Brazil for: a) seedlings established under different 
associated species (Lychnophora pinaster, Mimosa calodendron, neither), b) seedlings 
established in fragmented rocks or on other substrates, c) most prevalent species. Black and 
bigger dots represent means, lighter and smaller dots are individual samples, error bars are SE
(n=96), and different lower-case letters represent significant differences between groups based 
on generalised linear mixed-effect models (Table 3) followed by the Tukey–Kramer honest test. 
Other dicots and other monocots are specified in Table 2. 

 

DISCUSSION 

Patterns of spatial heterogeneity  

 Habitat heterogeneity is a well-known driver of species coexistence in many 

biodiversity hotspots (Thuiller et al. 2006; Cramer & Verboom 2017; Morellato & Silveira 

2018), and an important driver of successful establishment for specific plant species in these 

environments (Lamont et al. 1993; Poot & Lambers 2003; Yates et al. 2011). However, the 
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main drivers of seedling survival and growth in many biodiverse communities remain poorly 

understood, limiting our knowledge of the assembly of these plant communities (Grubb, 1977; 

Paine et al., 2015). Here, we identified important drivers of spatial heterogeneity in a plant 

community of ferruginous campo rupestre. Principal component analysis identified that there 

were substantial differences in environmental characteristics between plots containing either 

of the two shrub species and plots where the shrubs did not occur, which can be interpreted as 

spatial heterogeneity across the site. Variation among plots was mostly driven by substrate-

related attributes (i.e. ferricrete cover, fragmented rock cover, litter cover, and substrate depth), 

which was associated with crown area. Understorey plant cover was also associated with spatial 

variability in the ferruginous campo rupestre, and was mostly unrelated to soil development 

and crown area. As predicted, plots where M. calodendron and L. pinaster were present had 

more developed substrate and greater understorey plant cover, and were clearly separated from 

plots lacking both species. The microenvironment in plots associated with these shrub species 

can be considered as more benign for plant growth, as their crowns provide shade, the more 

developed substrate offers less mechanical resistance to root growth, and litter provides organic 

matter and some moisture retention. This agrees with previous reports on different 

microhabitats within ironstone outcrops (Jacobi et al. 2007) which should allow co-occurrence 

of species with distinct requirements, including seed germination and seedling establishment 

(Dalling & Hubbell 2002; Pearson et al. 2003), contributing to the great species diversity of 

ferruginous campo rupestre. 

Seedlings were more abundant in plots with the presence of M. calodendron than in 

plots without the two associated species, and the potentially milder microenvironment in the 

ironstone outcrop might provide a safer site for seed germination and/or seedling emergence. 

Plots with L. pinaster had intermediate values of seedling abundance and did not differ from 

the other two types of plots. Although M. calodendron had greater average crown size than L. 
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pinaster, crown area of shrubs did not explain seedling abundance in plots. Thus, the 

intermediate values of seedling abundance in plots with L. pinaster may be due to specific 

interactions between shrub species and seedlings. For example, M. calodendron may 

ameliorate its vicinity playing a role as a N2 fixer (dos Reis Jr et al. 2010), and L. pinaster 

could exert some allelopathic effect on seedling establishment due to its secondary metabolic 

compounds (Haber et al. 2009).  

Plots with the presence of M. calodendron do not seem to be the most suitable site for 

the establishment of all species, as seedling abundance exhibited a trend of species-specific 

spatial distribution. Seedlings of M. calodendron were preferentially found under the crown of 

conspecific shrubs which is at least partly due to dispersal limitation. As for many species in 

old and nutrient-poor landscapes, M. calodendron lacks specialised means of seed dispersal, 

which can be interpreted as an adaptive trait when microsites close to the parent plants are more 

likely to exhibit attributes that enable seed germination and seedling establishment for this 

species (Hopper 2009; Silveira et al. 2016). On the other hand, seedlings of Vellozia spp. were 

found preferentially in plots where M. calodendron shrubs were absent. Seed germination of 

Vellozia species typically requires light and temperatures that are higher than the average for 

campo rupestre species (Nunes et al. 2016), and therefore milder microsites associated with 

M. calodendron shrubs might be less suitable for them. Some Vellozia species also have root 

specialisations to obtain nutrients from bare rocks, thus allowing them to occupy less-

developed substrates (Teodoro et al. 2019), where they are less likely excluded by faster-

growing species with less-efficient mechanisms of nutrient acquisition (Lambers & Poorter 

1992). It is possible that some of the other surveyed species also have a habitat preference, but 

the low number of seedlings precluded identifying significant associations. Taken together, 

these results add to evidence that spatial heterogeneity contributes to the species richness, 
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probably by promoting species coexistence in campo rupestre (Brum et al. 2017; Morellato & 

Silveira 2018). 

As biotic interactions tend to shift from negative (competition) to positive (facilitation) 

with increase in environmental stress (Bertness & Callaway 1994; Brooker et al. 2008), we 

expected to find evidence of positive plant interactions in ferruginous campo rupestre, as 

previously found for other old and nutrient-poor landscapes (Muler et al. 2014; Teste et al. 

2014; Lambers et al. 2018). Indeed, adult species richness was greater in plots with M. 

calodendron, intermediate in plots with L. pinaster and lowest in plots lacking both species. 

However, unexpectedly, adult richness decreased with increasing crown area. Thus, any benefit 

resulting from milder conditions in plots with the two associated shrub species seemed to be 

offset by adverse factors as the shrubs grow bigger. Shrub roots often access deep and/or 

intermediate soil layers (Brum et al. 2017), and thus larger shrubs with higher capacity for 

space preemption may exclude other shrubs since the availability of gaps in the bedrock is 

limited (Schwinning 2010). Larger canopies will also cast shade on the species that are 

essentially adapted to abundant light (Lüttge et al. 2007; Pereira et al. 2018), possibly 

compromising their growth and survival. Moreover, microhabitats under shrubs with larger 

crowns possibly accumulate more allelopathic chemicals or pathogens, which may limit the 

growth of some plant species. 

Our study identified a second potential negative plant-plant interaction, as understorey 

plant cover had a negative effect on seedling abundance. This agrees with previous 

observations that competitive interactions exist to some extent in less-stressed microsites 

within these harsh environments (Lamont et al. 1993; Loydi et al. 2013). Although 10% of the 

seedlings (mostly Vellozia spp.) were found on top of other plants and biocrusts (no roots in 

substrate), these seedlings did not exhibit enhanced growth or survival compared with that on 

the other substrates. Therefore, our study provides no evidence of a positive interaction 
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between seedlings and understorey plants in ferruginous sites, but a tendency to benefit from 

microenvironmental conditions on plots with M. calodendron and L. pinaster. Overall, our 

results indicate that habitat heterogeneity in harsh environments may determine the outcome 

of plant-plant interactions, shifting from positive effects on patches with low plant density, to 

negative effects on better-quality microsites (Bertness et al. 1999; Boeken 2018). 

Our study design does not allow us to pinpoint the causes of greater species richness 

and seedling abundance in plots with the presence of the shrubs. One of the explanations is that 

M. calodendron and L. pinaster ameliorate the microhabitat around them, and consequently 

facilitate seedling establishment, as previously suggested (Jacobi et al. 2008). However, it is 

also possible that the two species established and grew in microhabitats that were already 

favourable before any of these shrubs were present. Indeed, we found no seedlings of M. 

calodendron and only one of L. pinaster (out of 28 and 13, respectively) in plots without the 

two shrubs which suggests that recruitment of these species may be limited to the more 

favourable microhabitats. Experimental approaches are needed to disentangle causes and 

effects of habitat heterogeneity, and confirm facilitation in ferruginous campo rupestre 

(Castanho et al. 2015). 

Seedling spatial patterns 

 High seedling mortality in old nutrient-poor landscapes is often attributed to water 

deficit during the dry season (Coelho et al. 2008; Yates et al. 2011; Hallett et al. 2014), while 

survival could be related to the ability of a plant to access water before the onset of the dry 

season (Lamont et al. 1993; Poot & Lambers 2003; Shi et al. 2019). Here we found that more 

than 60% of the seedlings survived over the year, agreeing with previous findings that juveniles 

from campo rupestre are stress-tolerant (Dayrell et al. 2018). Mortality rates in old and 

nutrient-poor landscapes are predicted by growth rates (i.e., fast growing species have higher 



Chapter 4 

130 
 

mortality risk; Negreiros et al. 2016), and establishment in unfavourable microsites (Lamont 

et al. 1993). Interestingly, none of the attributes we measured had an effect on seedling 

mortality. It is possible that the low number of recorded seedlings, most belonging to few 

species, and the merging of seedlings and juveniles concealed existing patterns. Another 

explanation is that, the interplay between species traits not addressed here – such as nutrient-

acquisition strategies (Shi et al. 2019), belowground interactions (Lambers et al. 2018), and 

water-use strategies (Brum et al. 2017) –, and stochastic factors, e.g., success in locating cracks 

in the underlying rock (Poot & Lambers 2003) might drive seedling survival in ferruginous 

campo rupestre.  

 Overall, growth of seedlings over the year was remarkably slow, and some seedlings 

did not grow at all which is the expected pattern for stress-tolerant seedlings (Dayrell et al. 

2018). Interestingly, RGR of seedlings in plots without the two associated shrub species was 

higher than that of seedlings in the plots with the shrubs, which could be related to differences 

in availability of nutrients (Milberg et al. 1998), light (Rice & Bazzaz 1989) and water (Lamont 

et al. 1993). The higher RGR of seedlings in substrates other than fragmented rock could also 

be explained by more resource availability in these substrates, which included thin soil layer, 

cracks in ferricrete cover, plants (e.g. mosses) and biocrusts. 

 Despite the striking dominance of monocot adults in the plots, very few seedlings of 

monocots other than Vellozia spp. were recorded. Clonal growth is observed in 70% of the 

monocots in ferruginous campo rupestre (Jacobi et al. 2007), and probably is their main 

strategy for species persistence. Vellozia spp. were the most abundant group of adults and 

seedlings in number of plots. This agrees with the typically high seed germination percentages 

of Vellozia species compared with those of other campo rupestre species (Mota & Garcia 2013; 

Dayrell et al. 2017). However, an earlier demographic study with populations of Vellozia spp. 

failed to find seedlings and juveniles, and reported the youngest specimens as being several 
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decades old (Alves 1994). The small size and remarkably-slow seedling growth might hinder 

their detection in the field, and it is possible that individuals of Vellozia rarely grow past early 

developmental stages. Altogether, our study points to a need to design specific studies 

addressing the demography and seedling ecology of species from old and nutrient-

impoverished landscapes. 

Conclusions 

Our study supported the view that substrate is an important driver of spatial 

heterogeneity in ferruginous campo rupestre (Carmo et al. 2016) and showed that 

microhabitats associated with M. calodendron and L. pinaster shrubs exhibited different biotic 

and abiotic conditions from those lacking these shrubs. Plots with these species had greater 

adult richness and seedling abundance. It is unclear, however, whether M. calodendron and L. 

pinaster shrubs modified microhabitats around them, thereby facilitating seedling 

establishment as previously suggested (Jacobi et al. 2008), or only thrived in favourable 

microhabitats. Such insights can provide valuable guidance for restoration programmes that 

could either use these species to increase species richness and seedling abundance, or use 

certain species for specific habitats according to their requirements. Also, similar studies 

should be conducted in other sites to allow for broader generalisations of the results. 

Interestingly, we identified two potential negative plant-plant interactions, with larger crown 

area being associated with a decrease in species richness, and greater understorey plant cover 

with lower seedling abundance. This suggests that habitat heterogeneity may allow not only 

coexistence of species, but also modulate the interplay of positive and negative interactions, as 

previously reported for other harsh environments (Bertness et al. 1999; Boeken 2018). 

Seedlings of ferruginous campo rupestre are stress-tolerant (Dayrell et al. 2018), 

withstand harsh environmental conditions, and exhibit very slow growth. None of the measured 
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attributes was a good predictor of seedling survival. Experimental studies controlling for the 

number and age of seedlings, while manipulating environmental variables associated with the 

plots, as well as investigation of belowground traits involving water and nutrient acquisition 

are recommended to unveil drivers of seedling mortality. Relative growth rate of seedlings was 

higher in plots without M. calodendron or L. pinaster shrubs and also higher in substrates other 

than fragmented rock, which suggests different resource availability among microhabitats 

within the community. Despite similar rates of seedling survival among species, some species 

had an overall growth greater than others, indicating the existence of different ecological 

strategies within the community. Altogether, our study shows that regeneration from seeds in 

ferruginous campo rupestre is marked by complex spatial heterogeneity, driven by abiotic and 

biotic factors that affect seedling growth and abundance, thereby allowing species coexistence 

and promoting species diversity. 
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SUPPLEMENTARY MATERIAL 

 

Table S1.Linear mixed-effect models (LMMs) of principal components 1, 2 and 3 for plots 
according to the presence of associated species (associated sp; Lychnophora pinaster, 
Mimosa calodendron or neither) in a ferruginous campo rupestre. Random intercepts per 
blocks nested within transects were specified in the model. The Akaike’s information 
criterion (AIC) represents the uncertainty of the model, whereby lower AIC values represent 
the more parsimonious models. Δ AIC is the difference in AIC values between minimal 
model (MM) and the null model (null). Model identification is (Model ID), rationale (Model), 
number of parameters (K), and log likelihood (log L). The significant differences (ANOVA) 
between minimal and null models are indicated in bold (P<0.05). 

Data 
Model 

ID 
Model K Log L AIC Δ AIC P 

plot MM1 
PC1 ~ associated sp 

random = transect/block 
6 -66.0 144.0 -43.6 <0.0001 

 
null 

PC1 ~ 1  
random = transect/block 

4 -89.8 187.7   

plot MM2 
PC2 ~ associated sp 

random = transect/block 
8 -59.9 135.8 -14.0 0.0002 

 
null 

PC2 ~ 1  
random = transect/block 

4 -70.9 149.8   

plot MM2 
PC3 ~ associated sp 

random = transect/block 
8 -58.9 133.9 -0.1 0.0887 

 
null 

PC3 ~ 1  
random = transect/block 

4 -63.0 134.0   

1 normal distribution; 2 normal distribution with specified variance structure. 
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Table S2. Generalised linear mixed-effect models (GLMMs) of species richness (richness) and 
seedling abundance (seedling abund) for plots in a ferruginous campo rupestre. The potential 
explanatory variables initially considered as fixed effects were associated species (associated 
sp; Lychnophora pinaster, Mimosa calodendron or neither), crown area (m2), understorey plant 
cover (underst cover; %), fragmented rock cover (%), litter cover (%) and substrate depth 
(mm). Random intercepts per blocks nested within transects were specified in the model. The 
Akaike’s information criterion (AIC) represents the uncertainty of the model, whereby lower 
AIC values represent the more parsimonious models. Δ AIC is the difference in AIC values 
between minimal model (MM) and the null model (null). Model identification is (Model ID), 
rationale (Model), number of parameters (K), and log likelihood (log L). The significant 
differences (ANOVA) between minimal and null models are indicated in bold (P<0.05). 

Data 
Model 

ID 
Model K Log L AIC Δ AIC P 

plot MM1 richness ~ associated sp + crown area 
random = transect/block 7 -76.7 167.5 -28.2 <0.0001 

 
null 

sp richness ~ 1 
random = transect/block 4 -93.9 195.7   

plot MM2 seedling abund ~ associated sp + underst cover 
random = transect/block 7 -105.1 218.1 -4.0 0.01876 

 null2 seedling abund. ~ 1  
random = transect/block 4 -100.1 214.1   

1 normal distribution; 2 negative binomial distribution specified.  
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Table S3. List of species of adults in a ferruginous campo rupestre at Serra da Calçada, 
Southeast Brazil. The column “plots (n)” indicates the number of plots, out of 45, in which the 
species was found. The presence of Lychnophora pinaster and Mimosa calodendron was used 
as a criterion for plot selection, and therefore these two species were not included in this list. 
Non-identified (NI). 

Family / species 
plots 

(n) 

Apocynaceae  

Ditassa sp. 4 

Asteraceae  

Symphyopappus brasiliensis 12 

Baccharis sp. 1 

Bromeliaceae  

Dyckia consimilis 4 

NI 1 

Cactaceae  
Arthrocereus glaziovii 3 

NI 1 

Cyperaceae  
Trilepis lhotzkiana 15 

Euphorbiaceae  

Microstachys corniculata 5 

Loranthaceae  

Struthanthus flexicaulis 1 

Melastomataceae  
Pleroma heteromallum 3 

Orchidaceae  

Acianthera teres 2 

Epidendrum secundum 1 

Hoffmannseggella caulescens 24 

Poaceae  
NI 34 

Rubiaceae  

NI 5 

Velloziaceae 37* 

Vellozia albiflora 35 

Vellozia graminea 9 

Vellozia caruncularis 4 

Vellozia compacta  1 

Verbenaceae  

Stachytarpheta sp. 2 

* number of plots on which Vellozia spp. were found. 
  



Chapter 4 

143 
 

Table S4. Generalised linear mixed-effect models (GLMMs) seedling abundance (seedling 
abund) of most prevalent species for plots with different associated species (associated sp; 
Lychnophora pinaster, Mimosa calodendron, neither). Random intercepts per blocks nested 
within transects were specified in the model. The Akaike’s information criterion (AIC) 
represents the uncertainty of the model, whereby lower AIC values represent the more 
parsimonious models. Δ AIC is the difference in AIC values between minimal model (MM) 
and the null model (null). Model identification is (Model ID), rationale (Model), number of 
parameters (K), and log likelihood (log L).  The significant differences (ANOVA) between 
minimal and null models are indicated in bold (P<0.05). Analysed seedlings species: 
Lychnophora pinaster, Microstachys corniculata, Mimosa calodendron, Symphyopappus 
brasiliensis, Vellozia spp. 

Data Model 
ID 

Model K Log L AIC Δ AIC P 

Lychnophora 
pinaster 

11 seedling abund ~ associated sp  
random = transect/block 

6 -29.3 70.5 3.0 0.6004 

 null1 seedling abund ~ 1  
random = transect/block 

4 -29.8 67.5   

Microstachys 
corniculata 

11 seedling abund ~ associated sp  
random = transect/block 

6 -15.2 42.5 0.3 0.1124 

 null1 seedling abund ~ 1  
random = transect/block 

4 -17.4 42.8   

Mimosa 
calodendron 

11 seedling abund ~ associated sp  
random = transect/block 

6 -27.6 67.2 -13.7 0.0001 

 null1 seedling abund ~ 1  
random = transect/block 

4 -36.5 80.9  
 

Symphyopappus 
brasiliensis 11 seedling abund ~ associated sp  

random = transect/block 
6 -24.5 61.0 -4.2 0.0171 

 null1 seedling abund ~ 1  
random = transect/block 

4 -28.6 65.2  
 

Vellozia spp. 11 seedling abund ~ associated sp  
random = transect/block 

6 -62.4 136.8 -30.9 <0.0001 

  null1 seedling abund ~ 1  
random = transect/block 

4 -79.9 167.7    
1 Zero-inflated Poisson distribution specified. 



Chapter 4 

144 
 

 

Figure S1. Survival of seedlings over a one-year period against their initial height (mm) in a 
ferruginous campo rupestre, Southeast Brazil. Data shown for most prevalent species of 
seedlings. Box plots show medians (vertical lines) with quartiles (box margins), the lowest and 
the highest values within 1.5-interquartile ranges (whiskers). Grey dots are individual samples. 
Most prevalent species of seedlings: Lychnophora pinaster, Microstachys corniculata, Mimosa 
calodendron, Symphyopappus brasiliensis, Vellozia spp. 
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Figure S2. Seedling survival rate on fragmented rocks against survival rate on other substrates 
over a one-year period in a ferruginous campo rupestre in Southeast Brazil. Different colours 
show rates for most-prevalent species of seedlings individually and least common species were 
grouped as monocots and dicots. Dashed line is where survival rate on both substrates is 
numerically the same. Most-prevalent species of seedlings: Lychnophora pinaster, Mimosa 
calodendron, Symphyopappus brasiliensis, Vellozia spp. Groups with less than three replicates 
per substrate (i.e. Microstachys corniculata, other dicots and other monocots) were omitted 
from the plot.  
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Figure S3. Relative growth rates (RGR) of seedlings over a one-year period against their 
initial height (mm) in a ferruginous campo rupestre, Southeast Brazil. Box plots show 
medians (vertical lines) with quartiles (box margins), the lowest and the highest values within 
1.5-interquartile ranges (whiskers). Grey dots are individual samples. Other dicots and other 
monocots are specified in Table 2. 
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Figure S4. Seedling abundance of most-prevalent species and other monocots and dicots for 
plots with different associated species (Lychnophora pinaster, Mimosa calodendron, neither) 
in a ferruginous campo rupestre. Black and bigger dots represent means, lighter and smaller 
dots are individual samples, error bars are SE, and different lower-case letters represent 
significant differences between groups based on generalised linear mixed-effect models 
(Table 2) followed by the Tukey–Kramer honest test. Analysed seedlings species: 
Lychnophora pinaster, Microstachys corniculata, Mimosa calodendron, Symphyopappus 
brasiliensis, Vellozia spp. 
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Chapter 6 

General Discussion 

 

Introduction 

Combinations of viable plant traits are restricted by underlying universal trade-offs in 

function and determine the success of individuals in different habitats (Lambers & Poorter 

1992; Grime et al. 1997; Wright et al. 2004; Chave et al. 2009; Reich 2014; Díaz et al. 2016). 

Each suite of traits can be interpreted as a plant “strategy” that allows a plant to thrive under a 

specific set of environmental conditions (Grime & Pierce 2012). Although most plant life 

stages are sessile, different stages of plant development may experience different 

environmental filters, e.g., some forest seedlings live in deep shade, while adults may access 

abundant light (Valladares & Niinemets 2008). The inherent capacities of the plant also change 

over time, as the plant accrues biomass and augments its abilities to access resources, e.g., 

enabling some plants to prioritise resource use to photosynthetic performance as saplings, and 

to defence against herbivory and mechanical damage in later stages (Ishida et al. 2005). 

Accordingly, different stages may exhibit different combinations of functional traits (Gatsuk 

et al. 1980; Farnsworth 2004; Mason et al. 2013) which suggests that a shift in strategy 

throughout ontogeny maximises plant fitness.  

While the associations between traits of adult individuals and environmental conditions 

are well understood (Garnier et al. 2016), there has been less progress in characterising suites 

of regeneration traits, despite their notorious importance in driving community assembly and 

species distribution (Grubb 1977; Paine et al. 2015; Larson & Funk 2016a). Seedlings and 

young juveniles inherently exhibit a higher mortality risk compared with adults (Stearns 1976; 
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Harms & Dalling 1997; Moles & Westoby 2004), suggesting strong selection pressure during 

these developmental stages. Knowledge on strategies of seedlings and juveniles for coping with 

biotic and abiotic conditions have been mostly limited to tolerance to drought and/or shade in 

a few ecosystems, such as tropical rainforests and temperate grasslands and shrublands (e.g., 

Kahmen & Poschlod 2004; Poorter & Bongers 2006; Poorter & Markesteijn 2007; Kitajima et 

al. 2013; Larson & Funk 2016b), limiting our understanding of regeneration in ecosystems 

with contrasting environmental conditions.  

In this thesis, I aimed to investigate regeneration in old, climatically-buffered, infertile 

landscapes – OCBILs (Hopper 2009; Hopper et al. 2016). I specifically carried out my research 

in two OCBILs: the kwongan in Southwest Australia and the campo rupestre in Brazil (Hopper 

2009; Hopper et al. 2016; Silveira et al. 2016). The evolution of plants in localised places 

subjected to minor soil disturbance and climatic buffering for millions of years provided 

prolonged opportunities for evolution to run its course, resulting in specific strategies for 

OCBIL lineages (Hopper 2009). Soil infertility, especially severe phosphorus (P) deficiency, 

is a strong environmental filter that leads to a clear predominance of nutrient-conserving, slow-

growing strategies among OCBIL plant species (Specht & Rundel 1990; Lambers & Poorter 

1992; Wright et al. 2002; Wright & Westoby 2003). While adults of OCBIL species have a 

very low P concentration ([P]) in leaves, seed [P] is often very high (Kuo et al. 1982; Denton 

et al. 2007; Groom & Lamont 2010), enabling seedlings to survive, without the need to obtain 

nutrients from the soil (Milberg & Lamont 1997). In the following sections, I highlight the 

major finding of this research on additional traits and strategies pertaining to early 

developmental stages of OCBIL plants. I also discuss the broader implications of my results 

and the areas on which I believe future studies should focus. 
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Regeneration in OCBILs 

In the first study (Chapter 2), I focused on regeneration patterns of the plant community 

in an OCBIL (campo rupestre), comparing them with those of a more productive nearby habitat 

(forest). Ontogenetic shifts in plant ecological strategies amongst species seem to be 

ubiquitous, regardless of habitat productivity. Plants from the campo rupestre and the forest 

exhibited relatively acquisitive strategies that favoured less costly leaves and faster growth 

rates in the juvenile stage compared with conspecific adults, possibly due to the greater 

vulnerability of early developmental stages to damage (Harms & Dalling, 1997; Moles & 

Westoby, 2004). In absolute terms, however, the ecological strategies of juveniles were mainly 

stress-tolerant (marked by nutrient conservation and slow growth) in campo rupestre juveniles. 

In forest, juveniles invested in both competitive (larger leaf area to capture light) and stress-

tolerant strategies. These results indicate that habitat filtering of juveniles resemble those of 

adults in these environments, despite the ontogenetic shifts in strategy. The OCBIL juveniles, 

similar to adults, invest mainly in traits to withstand abiotic stresses, at the expense of growth 

rates. 

In the second study (Chapter 3), I investigated shifts in the use and allocation of leaf P 

in the plant community of an OCBIL (kwongan). I aimed to identify the difference between 

physiological strategies of unburnt adults and two regeneration forms after a fire: resprouting 

burnt adults and seedlings. The use and allocation of leaf P of the studied plant species changed 

with plant development. Seedlings had greater leaf [P] than conspecific unburnt adults which 

was compatible with a shift from a relatively acquisitive to a conservative life history strategy 

(Chapter 2, i.e. Dayrell et al. 2018). The greater leaf [P] was mostly due to greater leaf inorganic 

phosphorus concentration ([Pi]), suggesting that leaves at early developmental stages may 

serve as a site for P storage (Veneklaas et al. 2012). Higher levels in at least some of the organic 

P fractions (i.e. phospholipids, nucleic acid P, metabolic P, and a residual P fraction that 
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contains phosphorylated proteins and unidentified molecules) also accounted for greater leaf 

[P] in seedlings, suggesting that greater [P] is also used to support a higher metabolic activity 

and growth rate at early life stages (Elser et al. 2010; Veneklaas et al. 2012). Seed P content 

markedly varied across species, being positively associated with leaf [P] in seedlings. Although 

burnt adults had a higher specific leaf area (SLA), and thus a more acquisitive strategy 

compared with unburnt adults, they exhibited only a short-term and less pronounced increase 

in leaf [P] compared with seedlings. This suggests that their pattern of leaf P use and -allocation 

does not resemble that of early developmental stages.  

Species from the three most species-rich families of the kwongan, i.e., Fabaceae, 

Myrtaceae and Proteaceae (Mucina et al. 2014), exhibited different patterns of developmental 

shifts, showing that different strategies are viable for seedlings, and that these are strongly 

associated with plant lineages. Developmental shifts were remarkably pronounced in the 

Proteaceae, especially in Banksia candolleana, and particularities of the seedling stage may 

consist in another strategy of the Southwest Australian members of this family to cope with 

severe P scarcity (Lambers et al. 2013, 2015). Among all species, the Proteaceae typically 

exhibited the lowest leaf [P] in the adult stage, and the highest leaf [P] in the seedling stage. 

Among the organic P fractions, Proteaceae seedlings allocated considerably more P to 

phospholipids than adults did. Adults of B. candolleana and other Proteaceae species replace 

phospholipids with lipids that do not contain P during leaf development, and thus the fraction 

of lipid P remarkably decreases from young to mature leaves (Lambers et al. 2012; Kuppusamy 

et al. 2014).  Therefore, the greater lipid [P] in the leaves of seedlings suggests that plants 

restrict replacement of lipid P fractions during early stages of development and/or continue 

expanding while photosynthesising and producing new leaves. Seed P content varied 

considerably across species. Only B. candolleana had higher seed [P] compared to all other 

species, and thus, seed mass was the major driver of differences between seed P content. This 
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adds to the evidence that large-seededness could be a strategy of some plants occurring in high-

light, nutrient- impoverished habitats as a means of maximising initial root growth (Milberg et 

al. 1998).  The variation of seed P content suggests that seedling survival and growth of these 

species might depend on microsites with different P availability in the soil after a fire (Lamont 

et al. 1993).  

The substrate in OCBILs typically varies on a very fine scale, e.g., due to rock micro 

relief and fracturing, ash deposition after fire, and local topography, providing a diversity of 

microhabitats within the same landscape which influence seedling survival (Lamont et al. 

1993) and species composition (Alves & Kolbek 2010; Le Stradic et al. 2015; Carmo et al. 

2016; Carmo & Jacobi 2016; Abrahão et al. 2019). In Chapter 4, I aimed to screen for 

differences in regeneration between microhabitats in an OCBIL: the ferruginous campo 

rupestre, a highly-threatened ironstone outcrop ecosystem. Microhabitats with the presence of 

two native shrubs that are dominant in the area (Lychnophora pinaster – Asteraceae; and 

Mimosa calodendron - Fabaceae) exhibited more developed substrates associated with greater 

adult species richness and seedling abundance than those lacking these two shrubs. However, 

larger crown area of the two shrubs and greater plant cover under the shrubs (understorey plant 

cover) were negatively associated with species richness and seedling abundance, respectively. 

This suggests that habitat heterogeneity may allow for both positive and negative plant-plant 

interactions, as previously reported for other harsh environments (Bertness et al. 1999; Boeken 

2018). Seedlings of ferruginous campo rupestre were able to withstand harsh environmental 

conditions and exhibited very little growth over the course of one year, confirming my previous 

findings that a stress-tolerant strategy prevails in campo rupestre species since early stages of 

development (Chapter 2, i.e. Dayrell et al. 2018). None of the measured attributes were good 

predictors of seedling survival, but some species were found mainly in association with specific 

microhabitats. For instance, seedlings of Vellozia sp. were more abundant in microsites where 
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M. calodendron shrubs did not occur and grew very little over one year. On the other hand, M. 

calodendron seedlings were more abundant in microsites where conspecific shrubs were 

present, and grew considerably more than Vellozia sp. seedlings. Relative growth rates of 

seedlings were lower in plots with the dominant shrubs and in fragmented rock substrate, which 

could reflect different resource availability among microhabitats. Overall, my results suggest 

differences in seedling recruitment and species richness and composition associated with 

different microhabitats within the campo rupestre, and partially explain species coexistence in 

stressful ecosystems (Chapter 3).  

 

Theoretical model of plant recruitment in OCBILs 

 The study of seedlings and juveniles in OCBIL illustrates how evolutionary effects add 

to direct biotic and abiotic factors to influence the dynamics of plant recruitment. Biotic and 

abiotic environments (including the level of soil fertility), in conjunction with the disturbance 

regime of an ecosystem select for viable strategies of seeds, seedlings and juveniles, thereby 

driving plant recruitment through evolutionary processes (Fig. 1). The combination of soil 

infertility (especially P deficiency) and historical stability (minor soil disturbance and climatic 

buffering) have led to specific species functional traits and vegetation patterns in OCBILs 

(Lambers et al. 2008; Hopper 2009; Hopper et al. 2016). A conservative (slow-growing 

nutrient-conserving) strategy prevails in plants living in P-impoverished soils (Specht & 

Rundel 1990; Lambers & Poorter 1992; Wright et al. 2002; Wright & Westoby 2003) since 

early stages of development (Chapters 2, 3, and 4). Although seedlings and juveniles are mostly 

stress-tolerant (Chapter 2, Dayrell et al. 2018), their mortality rates range between 40 and 100% 

after seasonal droughts (Chapter 4; Enright & Lamont 1989; Coelho et al. 2008; Yates et al. 

2011), and emergence and/or survival will mostly depend on the species establishment in a 
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suitable microhabitat (Chapter 4; Lamont et al. 1993). The slow growth during early 

developmental stages, which can be as drastic as the negligible growth of Vellozia seedlings 

over one year's time (Chapter 4), also implies remaining in a small, and thus more vulnerable 

stage for a long period which further decreases the chances of reaching maturity. Moreover, 

the great investment in persistent structures in the conservative strategy has been linked to 

limited investment in sexual reproduction (Bazzaz et al. 1987; Fujita et al. 2014; Gomes et al. 

2018). For instance, some OCBIL plants allocate a disproportionally large amount of P to seeds 

which results in lower seed output (Stock et al. 1989; Henery & Westoby 2001). There have 

also been some reports of species in OCBILs dispersing very few viable seeds (Dayrell et al. 

2017) and of low P availability in soils being associated with reduction in seed set (Vaughton 

& Ramsey 1998). The conservative strategy, therefore, seems to be associated with limited 

seed supply in OCBILs, which probably further constrains the number of seedlings produced 

each year.  

 The slow growth imposed by the conservative strategy in P-impoverished ecosystems 

can only be viable in the absence of major disturbances that kill adult individuals before each 

of them can successfully produce at least one other adult individual to maintain the population. 

Long-lived perennial organisms dominate OCBIL floras, probably as a result of the slow 

growth rate of plants (Hopper 2009; Negreiros et al. 2014), and have many opportunities to 

leave descendants in their lifetime. Therefore, regeneration in OCBILs happens on a very 

different time scale than that in productive, frequently-disturbed habitats that exhibit annual 

cycles of plant recruitment events, or to gap dynamics and ecological succession in forests 

(Bazzaz 1979). The old habitats seem to regenerate at a much slower pace, and it may take 

decades until one mature plant’s descendant reaches the reproductive stage, and yet this 

sustains the population’s persistence under natural conditions. Historical absence of large-scale 

disturbances in OCBILs led to the evolution of plants that are very successful in persisting in 
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their stable natural habitat, but generally lack effective strategies for habitat colonisation 

(Hopper 2009). Time is, therefore, a crucial variable in order to understand regeneration in 

OCBILs. Measurements of reproductive output of species need to be considered relative to 

their growth rates, and total seed output over the plant’s lifetime should be considered relative 

to their average longevity. 

 

 

Figure 1. Flow diagram illustrating the interactions determining plant recruitment in landscapes 
taking into account evolutionary processes. This theoretical model explicitly shows the 
influence of historical stability and soil fertility (green boxes), as illustrated by studies carried 
out in old climatically-buffered infertile landscapes – OCBILs. The chances of a seed to 
become an adult depend on the combined probability of two processes: 1) seedling emergence 
and establishment, and 2) new recruits reaching the adult stage (yellow boxes). The 
microhabitat of seed fall in the landscape determines the abiotic and biotic environments 
influencing each other and the probability of the seed reaching the adult stage. Intrinsic seed, 
seedling, and juvenile strategies affect how the potential recruit responds to the abiotic and 
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biotic environments, determining the probability of species and individuals’ propagules to 
reach the adult stage. The trade-off between stress-tolerance and growth of seedlings and 
juveniles (represented in ‘seed, seedling and juvenile strategies’ box) exemplifies: at one 
extreme a stress-tolerance strategy, in which plants exhibit slow growth rates, small, 
sclerophyllous and relatively costly leaves, and high biomass allocation to root system; on the 
other extreme a fast-growth strategy, in which plants are more susceptible to stress, and exhibit 
relatively larger and cheaper leaves, and more biomass allocation to the aerial part of the plant 
(Reich 2014). Soil fertility is part of the abiotic environment and directly influences plant 
fecundity, seed number, size, viability and longevity. Arrows with solid lines represent direct 
effects; arrows with dashed lines represent evolutionary effects.  

 

How to reconcile slow regeneration with increasing need for restoration? 

 OCBILs, such as the kwongan in Southwest Australia and the campo rupestre in Brazil, 

have been subjected to major anthropogenic impacts that resulted in extremely large losses of 

their original areas (Coates et al. 2014; Silveira et al. 2016; Fernandes et al. 2018; Souza-Filho 

et al. 2019; Salles et al. 2019). Natural regeneration is not an effective management tool to 

restore these landscapes, since regeneration in pristine OCBIL areas occurs on a very slow time 

scale (as described in the previous section). Landscape-scale seed-based restoration of 

degraded areas is extremely challenging and costly (Standish & Hobbs 2010; Hallett et al. 

2014; Le Stradic et al. 2018), and has not yet been successful in many OCBILs (Le Stradic et 

al. 2014; Buisson et al. 2019). 

 Given that the strategy of seedlings and juveniles is mainly conservative, the majority 

of OCBIL species will exhibit inherently slow growth. However, two main tactics that might 

speed up the recovery of the landscape emerge from the theoretical model proposed here: 1) 

increase seed availability, and 2) recreate biotic and abiotic environments that favour seedling 

survival (Fig. 1). I discussed causes of limited seed availability in OCBILs that hampers 

landscape-scale restoration, and the alternatives and directions for overcoming these challenges 

(Chapter 5; Dayrell et al. 2016). Sourcing sufficient quantities of germinable seeds is the most 

relevant hurdle to restore OCBILs (Standish & Hobbs 2010), due to factors such as embryoless 
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and/or non-viable seeds, low seed set, individual rarity, and diverse phenologies. Some 

alternatives to these issues include large-scale native seed farming enterprises to generate seeds 

(Merritt & Dixon 2011), seed processing technologies that have recently emerged with 

promising results (Erickson et al. 2017; Pedrini et al. 2019), the use of digital image capture 

and processing technology to obtain phenological data (Morellato et al. 2016), vegetative 

multiplication (Hitchcock & Rebelo 2017) and tissue culture (Koch 2007). OCBIL species also 

commonly exhibit high levels of genetic divergence among populations (Krauss & He 2006), 

and new advances in landscape genetics can help guide the appropriate selection of seed 

provenance (Williams et al. 2014). For instance, species/populations adapted to conditions 

under climate change scenarios may result in better restoration outcomes than seeds locally 

sourced (Harris et al. 2006; Breed et al. 2013). Advances in control of invasive species can 

improve restoration outcomes (Richardson & Kluge 2008; Krupek et al. 2016). The progress 

in enhancing seedling survival is still in its infancy, and more studies are needed to identify 

important biotic and abiotic factors that maximise plant recruitment (Standish et al. 2007; Daws 

et al. 2013; Hallett et al. 2014; Waller et al. 2016). Overall, a much greater investment in 

research is urgently needed to reduce costs, and improve techniques that are appropriate for 

landscape-scale restoration of OCBILs. 

 

Conclusion  

 My thesis unveiled general regeneration patterns for OCBILs. Species in these 

landscapes typically exhibit low seedling recruitment, likely due to low seed quality and 

quantity and/or lack of suitable sites for germination and seedling establishment. Seedlings are 

stress-tolerant and able to endure harsh conditions, such as seasonal droughts, but their 

inherently slow growth associated with the intrinsic vulnerability of this life stage severely 

hampers their chances to make it to adulthood. The community approach used in this thesis has 
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expanded our knowledge to other plant families beyond the better-known Proteaceae and 

Fabaceae, and has shed light on the range of strategies that exist within OCBIL systems. 

Regeneration patterns were highly determined by a complex interaction between spatial 

heterogeneity and variability in species strategies, allowing their coexistence and thus 

promoting local and regional species diversity.  

 Future research to better understand the strategy of early developmental stages would 

need to include investigations of the root systems of seedlings and juveniles and their 

interactions with the soil, disentangling morphological, structural and physiological responses 

to two confounding stress factors in OCBILs: drought and nutrient deficiency (see Lamont et 

al. 1993). It would be crucial to continue studies on different regenerative strategies by 

choosing species with various seed sizes, contrasting seed P content, different phylogenetic 

backgrounds and abilities to resprout. Field experiments controlling for strategies and 

microhabitats at the same time would unveil how these two components interact, and provide 

a better understanding of recruitment patterns in OCBILs.  

 Regeneration traits examined here are suitable to maintain populations of long-lived 

individuals in old and stable habitats, however, these communities are highly vulnerable to 

anthropogenic impacts, such as more frequent disturbance or nutrient addition. Therefore, in 

situ and ex situ conservation strategies are imperative to avoid an irreversible loss of 

biodiversity. Investments in research to increase seed supply and recreate suitable 

microhabitats for seed germination and seedling establishment are needed to improve the 

chances of successful restoration of OCBILs. 
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