
Supplementary Materials A 

Table S1. Number of formal actors for plant material supply in different Brazilian biomes, including native 
seed collectors, forest seedling nurseries, and seed testing laboratories. 

Biome 
Registered 

collectors (n) 

Accredited 
seed 

laboratories 

Registered 
seedling 
nurseries 

Brazil’s restoration 
target by 2030 

(Mha) 
Amazon 63 - - 4.8 
Atlantic 
Forest 

129 7 214 4.75 

Cerrado 71 - 63 2.1 
Caatinga 1 - - 0.5 
Pantanal - - - 0.05 
Pampa - 5 - 0.3 
Total 264 12 277 12.5 

Source: Ministry of Agriculture (2018). 

Supplementary Materials B 

1. Determination of the number of seeds needed per unit of area (kg/ha) 

1.1. Estimation of Mean Germination Rates by Species 

Original germination test database (São Paulo Forestry Institute) for 156 tree plant species of the 
Brazilian flora were organized in a table containing species name, mean germination (standard deviation), 
the average number of seeds in one kilogram. Three parameters used in the germination test were the 
number of lots tested, number of sites where seed are collected, and the number of years in which they 
were collected (Complete list at the end of this document). Due to the significant variation in these three 
parameters, the n sample (germination test number) was estimated by the interaction between the number 
of lots, sites of collection and years of collection, in order to better express the variability of germination 
tests.  

The interaction of the variables for the composition of the estimated n sample was made by Poisson 
regression in 2 stages. In the first stage, we considered as dependent variable the number of collection sites 
while for the independent variables the number of years of collection and amount of seeds per kilogram, 
assuming the latter is an indicator of ease of obtaining seeds in the field. 

The second stage considered as dependent variable the number of lots used in the experiments and 
independent variables the estimated number of collection sites (instrumentalized by years of the collection) 
controlled by the number of seeds per kilogram. The estimated n sample (lots_hat) was used with n sample 
for each species, is used to calculate the confidence interval (95%) of the germination average instead of the 
number of seed lots used in the tests. 



 
Figure S1. Relates the number of original lots (lots) and estimated lots (lots_hat). 

The general format of a Poisson model can be written as follows: 𝑙𝑜𝑔Sites = 𝛽 + 𝛽 𝑦𝑒𝑎𝑟𝑠 + 𝛽  𝑠𝑒𝑒𝑑𝑠𝑘𝑖𝑙𝑜 + 𝑒 (1)

And: 𝑙𝑜𝑔𝐿𝑜𝑡𝑠 = 𝛽 + 𝛽 𝑠𝚤𝑡𝑒𝑠 +  𝛽  𝑠𝑒𝑒𝑑𝑠𝑘𝑖𝑙𝑜     (2)

Where Sites is the number of sites where tested seeds of species i were collected 𝑦𝑒𝑎𝑟𝑠 the number of years when tested seeds of species i were collected 𝑠𝑒𝑒𝑑𝑠𝑘𝑖𝑙𝑜 is the number of seeds per kilogram of species i 𝐿𝑜𝑡𝑠 is the number of tested lots of species i 
With outputs as 



 
Figure S2. Two stages Poisson Regression application to estimate the n sample (lots_hat) as a function of the 
number of sites (lots) and number of years of collection (years), controlled by the number of seeds available 
per kilogram of each species (seedskilo). 

With the estimated n sample (lots_hat), we calculated the confidence intervals (95%) for the average 
germination of each species. For each species, we simulated the normal distribution with 100 repetitions. 
We considered that the most probable germination range for each species would be the most frequently 
found in the simulation sited between the lower and upper limits of the confidence interval. We opted for 
only 100 repetitions to give the distribution more randomness, since simulations with more than 1,000 



repetitions would tend to produce well-behaved standard curves, leading to higher frequencies closer to 
the midpoint of the confidence intervals. We then exclude all species whose most frequent range within 
the confidence interval was negative and greater than 100, for the apparent statistical inconsistency. Since 
these results also reflected the existence of very low sample size, we suggest that such species would not 
be recommended for inclusion in the study putting at risk directly sowing efficiency. Under this criterion, 
we excluded 34 species. From there, all the work went on with the remaining 122 species. The remaining 
122 species were then classified as large and small, considering large those that had less than 3,000 seeds 
per kilogram (n = 29) and small others (n = 93). 

1.2. Estimated seed weight by restoration method 

We consider that the seeds should have two purposes to promote forest restoration (1) direct sowing 
and (2) seedling production. 

1.2.1. Direct sowing 

For seeds destined for direct seeding we considered a predation rate of 47%. Due to the lack of 
literature on disease involvement, we considered the same proportion used for predation based on [37–40], 
that is, another 47%, so that the recruitment rate would be given by 𝑟 = 𝑔 ∗ (1 − 0.47)  (3)

where 𝑟  recruitment rate of seed species i 𝑔  germination rate of species i, as estimated in 1.1 
For each species the number of seeds which will survived after germination per kilogram was then 

estimated as follows. 𝑠 = 𝑟 ∗ 𝑘  (4)

Where: 𝑠  survived seeds of species i (number of seeds) 𝑘  seeds of species i (number of seeds/kg) 

In line with the criteria and recommendations on minimum biodiversity to be met in restoration 
activities in Brazil, we assume that the seed mix intended for direct sowing should contain precisely 80 
species, 30% necessarily consisting of large seeds and 70% small seeds. By Markov Chain Monte Carlo 
(MCMC) method, we run 10,000 simulations to determine random combinations for seed mixtures 
containing 24 out of 29 large species and 56 out of 93 small species, restricting the possibility of repeating 
species in the same pack.  

We repeated the procedure 4 times in order to estimate different germination levels.  
Low Germination if the germination rate for each species in the pack is the lower limit for its own 

mean (mean – confident interval) after the 10,000 rounds, Medium Germination if the germination rate for 
each species in the pack is exactly its own mean, High Germination level if the germination rate for each 
species in the pack is the upper limit for its own mean (mean + confident interval), and the Randomly 
Germination if germination rate for each species in the pack is randomly determined within its confident 
interval for mean (mean - ci or mean or mean + ci. The results after the 10,000 rounds for each level is 
presented in table a. 
  



Table S2. Simulations to determine the germination rate. (10,000 rounds for each). 

 
In order to estimate the estimated the seeds per kg of packs and the expected value of seeds would 

germinate, we adopted the same method above, with results showed in table b.  

Table S3. simulations to determine the total seeds per kg of mixed pack and expected value of germinated 
seeds per kg (10,000 rounds for each).

 

For determining the necessary quantity of the seed package destined to restore one hectare (10,000 
m2) by direct sowing, we used the findings of Souza, Engel (2018) who, in an empirical study, concluded 
that on average the sowing of 82,500 previously selected seeds - fertilized and without apparent disease. 
Thus, we consider that the average weight of seed packages should be 

p=82,500/s (5)

Where, 𝑝 seed mix pack weight in required to restore 1 hectare (kg) 𝑠 survived seeds in 1 kg of mixed pack (number of seeds) 
Applying this formula to the MCMC simulated package set, we get the following results, as shown in 

table c. 
  



Table S4. simulations to determine the total kg of mixed pack to 1 hectare of direct sowing 
(10,000 rounds for each). 

 

1.2.2. Planting by seedlings 

For seedlings intended for seedling production, we considered the same germination rates (gi) 
estimated in item 1.1.1, with no predation rate or loss due to field-acquired diseases. However, we consider 
a 30% loss rate in seedling selection. We determined an anticipated rate of seedling loss in the field (need 
for replanting), being 8% in the first year, and 5% in the following three years. For the total planting method, 
we defined the final density of 1.667 seedlings/ha and for enrichment 600 seedlings/ha. We follow the same 
procedure of seed pack formation simulations, as described in the previous item, considering the literature 
[37–40]. 𝑟 = 𝑔 ∗ (1 − 0.3) ∗ (1 − 0.08) ∗ (1 − 0.05)  (6)

Where, 𝑟  survived seeds of species i 𝑔  germination rate of species i, as estimated in 1.1 𝑠 = 𝑟 ∗ 𝑘   
Where, 𝑠  survived seeds of species i (number of seeds) 𝑘  seeds of species i (number of seeds/kg) 
And 𝑝 = 𝑑/𝑠 (7)

Where, 𝑝 seed mix pack weight is required to restore 1 hectare (kg) 𝑑 desirable density of seedlings per hectare, being d=1,667 if full restoration or d=600 if enrichment  𝑠 survived seeds in 1 kg of the mixed pack (number of seeds) 
The 10,000 simulations for 80 species random packages returned the results shown in tables (d,e) 

below.  
  



Table S5. simulations to determine the total kg of mixed pack to 1 hectare of seedlings - enrichment (10,000 
rounds for each). 

 

Table S6. simulations to determine the total kg of mixed pack to 1 hectare of seedlings – total planting (10,000 
rounds for each). 

 

Table S7. Native seed sources required to meet Brazil’s restoration target according to 5 restoration scenarios 
and the possibilities of Lower Limit Production (LL), Mean Center Production (MC), Upper Limit 
Production (UL), Full Range Production (FR). 

 

2. Determination of the number of seeds collected per collector (kg /collector) and average income 
generated per collector (USD/collector) 

In order to determine the number of seeds that an average collector collects annually, we had a 
database of 6 seed networks containing the number of seeds collected (kg), number of collectors, number 
of species collected, and value of revenue generated. Revenues originally in Brazilian Reais were deflated 
by the IGP-DI (General Price Index-Internal Availability) and converted into US Dollars using the average 



exchange rate for the last 60 months (December 2014 to November October 2019) at the rate of 1 US = $ 
3.4975. Data for each network varied according to availability, from 2007 to 2018, according to table A8. 

Table S8. Primary seed production data from the six major seed networks assessed. 

 

To estimate the amount of seeds collected by each collector, a panel regression was estimated assuming 
as dependent variable the amount of seeds collected and independent variable the number of collectors, 
using as control the number of species collected squared, a As a correlation hint was found between the 
number of collectors and species. The same procedure was used to estimate the revenue per collector, 
substituting in the dependent variable the number of seeds collected by the value of the generated 
revenues (US), as shown in figure (g). Panel regression estimated can be written as: 

𝑆𝑒𝑒𝑑𝑠_𝑘𝑔 = 𝛽 + 𝛽 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟𝑠 + 𝑋𝛽′  + 𝜉 + 𝑒   (8)

And:  



𝐼𝑛𝑐𝑜𝑚𝑒 = 𝛽 + 𝛽 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟𝑠 + 𝑋𝛽′  + 𝜉 + 𝑒 , (9)

With outputs as 

 
Figure S3. Outputs of panel regressions. 

All variables are related to a spatial (networks=i) and time (year=t) indexes. “Collectors” is the number of 
seeds collectors (individuals). Controllers are “evap_driest_q” - proxy of evapotranspiration in the driest 
season in the host municipality of each network, estimated as the total rainfall in the driest quarter 
(mm)/average temperature in the same quarter (0C). “evap_moist_quarter” - proxy of evapotranspiration 
in the wetter season, which is the total rainfall in the wetter quarter (mm)/average temperature in the same 
quarter (0C). “indigenous_dummy” is a binary variable, assuming 1 if the network is an indigenous 
network, 0 otherwise. “species2” is the squared of the number of species collected. “lforest” is the natural 
log of the area of native vegetation in host municipality of each network 



To extrapolate the amount of seeds (kg) needed to meet the different proposed restoration scenarios, 
as well as the number of collectors and expected recipes, these parameters obtained in panel regressions 
were used. List of species is provided in table A9. 

Table S9. Germination database of the Institute of Forestry. 

 



 


