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###############################################################################
## Negative binomial models of predictors of heat-resistant fungi (Table 2) ###
###############################################################################

library(tidyverse)
citation("tidyverse")

library(lme4)
citation("lme4")

library(DHARMa)
citation("DHARMa")

quad <- read.table("Fungal_quadrat_vars.csv", header=T, sep=",")
pred <- read.table("Predictors_2019-10-25.csv", header=T, sep=",")  

mvars <- inner_join(quad, pred, by="plot")
dim(quad)
dim(pred)
dim(mvars)

mvars$sol.st <- (mvars$propSOLcombusted - mean(mvars$propSOLcombusted)) / sd(mvars$propSOLcombusted)
mvars$age.st <- (mvars$age - mean(mvars$age)) / sd(mvars$age)
mvars$pima.st <- (mvars$pima.prop - mean(mvars$pima.prop)) / sd(mvars$pima.prop)

summary(mp <- glmer.nb(hrf.abundance ~ sol.st + age.st + pima.st + (1|plot), data=mvars)) # Negative binomial model
isSingular(mp, tol = 1e-05) # checks singularity - false

# Check model using DHARMa
simulationOutput <- simulateResiduals(fittedModel = mp, n = 250)
plot(simulationOutput)
testResiduals(simulationOutput)
testDispersion(simulationOutput)
testZeroInflation(simulationOutput)


##################################################################################################################


#########################################################
## Decomposition by heat-resistant fungi in incubator###
#########################################################

library(tidyverse)
citation("tidyverse")

library(lsmeans)
citation("lsmeans")

hrf_d <- read.table("HRF_decomposition.csv", header=T, sep=",")
hrf_d$pc.lost <- ((hrf_d$initial.weight - hrf_d$alldry) / hrf_d$initial.weight) *100 # calculate percent mass lost


#### Black spruce
pima <- filter(hrf_d, plant=="P")
pima <- droplevels(pima)
dim(pima) 

# Data exploration
hist(pima$pc.lost)
summary(pima$pc.lost)

summary(mba <- glm(pc.lost ~ fungus, data=pima)) # linear model - control is automatically the reference level
par(mfrow=c(2,2)) # check model assumptions
plot(mba)

# Post-hoc Tukey test for among fungal taxa comparisons
lsbn <- lsmeans(mba, pairwise ~ fungus, adjust="tukey")


#### Birch
bene <- filter(hrf_d, plant=="B")
bene <- droplevels(bene)
dim(bene) 

# Data exploration
hist(bene$pc.lost)
summary(bene$pc.lost)

summary(mba <- glm(pc.lost ~ fungus, data=bene)) # linear model - control is automatically the reference level
par(mfrow=c(2,2)) # check model assumptions
plot(mba)

# Post-hoc Tukey test for among fungal taxa comparisons
lsbn <- lsmeans(mba, pairwise ~ fungus, adjust="tukey")



###################################################################################################################


########################################################
### Heat-resistant fungal effects on seedling growth ###
########################################################

## Growth chamber study

library(tidyverse)
citation("tidyverse")

library(lsmeans)
citation("lsmeans")

hrf_s <- read.table("HRF_seedling growth.csv", header=T, sep=",")


# Black spruce total biomass
pm <- filter(hrf_s, plant=="pm")
pm <- droplevels(pm)
pm <- as.data.frame(pm)

# Explore data
par(mfrow=c(2,2))
boxplot(pm$total ~ pm$fungus)
hist(pm$total)
hist(log(pm$total))
hist(sqrt(pm$total))
summary(pm$total)

summary(mpm <- glm(total ~ fungus, data=pm)) # run model, control is the reference level
par(mfrow=c(2,2)) # check assumptions
plot(mpm)

lsbn <- lsmeans(mpm, pairwise ~ fungus,  adjust="tukey") # post-hoc test for among-fungi comparisons


## Black spruce root-shoot ratio
# Explore data
par(mfrow=c(2,2))
boxplot(pm$rootshoot ~ pm$fungus)
hist(pm$rootshoot)
hist(log(pm$rootshoot))
hist(sqrt(pm$rootshoot))
summary(pm$rootshoot)

summary(mpm <- glm(rootshoot ~ fungus, data=pm)) # run model, control is the reference level
par(mfrow=c(2,2)) # check assumptions
plot(mpm)

# P-value corrections
p.adjust(c(2e-16, 0.01244, 0.00332, 0.02022, 0.00193, 0.137, 0.02711, 6.43E-07, # total biomass
          1.19E-10, 0.3163, 0.6005, 0.4347, 0.0511, 0.9936, 0.6973, 0.2785), #root-shoot
         method="fdr") 

p.adjust(c(2e-16, 0.01598, 0.00321, 0.01979, 0.00186, 0.13567, 0.02658, 5.80E-07, 
           1.68E-10, 0.5317, 0.6054, 0.4409, 0.0541, 0.9937, 0.7012, 0.285), method="fdr")


###  Birch total biomass
bn <- filter(hrf_s, plant=="bn" & fungus!="pt") # omit Pt due to low survival
bn <- droplevels(bn)
bn <- as.data.frame(bn)

# Explore data
par(mfrow=c(2,2))
boxplot(bn$total ~ bn$fungus)
hist(bn$total)
hist(log(bn$total))
hist(sqrt(bn$total))
summary(bn$total)

summary(mb <- glm(total ~ fungus, data=bn)) # run linear model, control is the reference level
par(mfrow=c(2,2)) # check model assumptions
plot(mb)

lsbn <- lsmeans(mb, pairwise ~ fungus,  adjust="tukey") # post-hoc test for among-fungi comparisons


###  Birch root-shoot ratio
# Explore data
par(mfrow=c(2,2))
boxplot(bn$rootshoot ~ bn$fungus)
hist(bn$rootshoot)
hist(log(bn$rootshoot))
hist(sqrt(bn$rootshoot))
summary(bn$rootshoot)

summary(mb <- glm(rootshoot ~ fungus, data=bn)) # run model, control is the reference level
par(mfrow=c(2,2)) # check model assumptions
plot(mb)


# p-value corrections
p.adjust(c(6.17E-06, 0.62187, 0.58648, 0.68587, 0.04368, 0.42867, 0.00967, # total biomass
          1.08E-08, 0.712, 0.644, 0.766, 0.565, 0.647, 0.532), #root-shoot
         method="fdr") 


###################################

## Jack pine total biomass

pb <- filter(hrf_s, plant=="pb")
pb <- droplevels(pb)
pb <- as.data.frame(pb)
rownames(pb) <- pb$trt.rep
par(mfrow=c(2,2))
boxplot(pb$total ~ pb$fungus)
hist(pb$total)
hist(log(pb$total))
hist(sqrt(pb$total))
summary(pb$total)

summary(mpb <- glm(total ~ fungus, data=pb)) # for model without outlier
par(mfrow=c(2,2))
plot(mpb)

lspb <- lsmeans(mpb, pairwise ~ fungus, adjust="tukey")


## Jack pine root-shoot
# Explore data
par(mfrow=c(2,2))
boxplot(pb$rootshoot ~ pb$fungus)
hist(pb$rootshoot)
hist(log(pb$rootshoot))
hist(sqrt(pb$rootshoot))
summary(pb$rootshoot)

summary(mpb <- glm(rootshoot ~ fungus, data=pb)) # run model, control is the reference level
par(mfrow=c(2,2)) # check assumptions
plot(mpb)

# Adjust P-values
p.adjust(c(2e-16, 0.01997, 0.0035, 0.00242, 0.02679, 0.00422, 0.01705, 0.00261, # total
           2e-16, 0.507, 0.421, 0.639, 0.757, 0.358, 0.784, 0.629), # root-shoot
         method="fdr")

###########################################################################################################################################

#############################################
### Fungi vs. seedling densities in field ###
#############################################

library(tidyverse)
citation("tidyverse")

library(lme4)
citation("lme4")

library(DHARMa)
citation("DHARMa")


seedlings <- read.table("Seedling densities_2015.csv", header=T, sep=",") # seedling data
fungi <- read.table("Fungal_quadrat_vars.csv", header=T, sep=",") # fungal data summaries

fs <- inner_join(seedlings, fungi)
dim(fs) # 115

### Heat-resistant fungal abundance
fs$h.st <- (fs$hrf.abundance - mean(fs$hrf.abundance)) / sd(fs$hrf.abundance) # standardise predictor variable
summary(m1 <- glmer(tot.sdlings ~ h.st + (1|plot), family="poisson", data=fs)) # all seedlings
summary(m1 <- glmer(conifers ~ h.st + (1|plot), family="poisson", data=fs)) # conifer seedlings

# Check model
simulationOutput <- simulateResiduals(fittedModel = m1, n = 250)
plot(simulationOutput)
testResiduals(simulationOutput)
testDispersion(simulationOutput)
testZeroInflation(simulationOutput)


### Total fungal species richness
fs$sr.st <- (fs$total.rich - mean(fs$total.rich)) / sd(fs$total.rich)
summary(m2 <- glmer(tot.sdlings ~ sr.st + (1|plot), family="poisson", data=fs)) # all seedlings
summary(m2 <- glmer(conifers ~ sr.st + (1|plot), family="poisson", data=fs)) # conifers

# Check model
simulationOutput <- simulateResiduals(fittedModel = m2, n = 250)
plot(simulationOutput)
testResiduals(simulationOutput)
testDispersion(simulationOutput)
testZeroInflation(simulationOutput)


### Pathogen species richness (from funguild)
fs$pr.st <- (fs$path.rich - mean(fs$path.rich)) / sd(fs$path.rich)
summary(m3 <- glmer(tot.sdlings ~ pr.st + (1|plot), family="poisson", data=fs)) # all seedlings
summary(m3 <- glmer(conifers ~ pr.st + (1|plot), family="poisson", data=fs)) # conifers

# Check model
simulationOutput <- simulateResiduals(fittedModel = m3, n = 250)
plot(simulationOutput)
testResiduals(simulationOutput)
testDispersion(simulationOutput)
testZeroInflation(simulationOutput)


### Ectomycorrhizal species richness (from funguild)
fs$ecm.st <- (fs$ecm.rich - mean(fs$ecm.rich)) / sd(fs$ecm.rich)
summary(m4 <- glmer(tot.sdlings ~ ecm.st + (1|plot), family="poisson", data=fs)) # all seedlings
summary(m4 <- glmer(conifers ~ ecm.st + (1|plot), family="poisson", data=fs)) # conifers

# Check model
simulationOutput <- simulateResiduals(fittedModel = m4, n = 250)
plot(simulationOutput)
testResiduals(simulationOutput)
testDispersion(simulationOutput)
testZeroInflation(simulationOutput)


## P-value corrections
p.adjust(c(0.643, 0.989, # total seedlings, hrf abundance
           0.64, 0.29, # fungal richness
           0.632693, 0.000148, # pathogen richness
           0.63474, 0.00145, # ecm richness
           0.525, 3.08E-06, # conifer seedlings, hrd abundance
           0.55, 0.361, # fungal richness
           0.533, 3.01E-06, # pathogen richness
           0.54622, 0.00151), # ecm richness
         method="fdr")



#########################################################################################################################################

############################################
### In situ litter decomposition t-tests ###
############################################

decomp <- read.table("In situ decomposition.csv", header=T, sep=",")

# 2017
d17 <- decomp %>%
  filter(year=="2017") %>%
  dplyr::select(plot, block, species, pc.lost) %>%
  spread(key=species, value=pc.lost)

t.test(d17$Bene, d17$Pima)


# 2018
d18 <- decomp %>%
  filter(year=="2018") %>%
  dplyr::select(plot, block, species, pc.lost) %>%
  spread(key=species, value=pc.lost)

t.test(d18$Bene, d18$Pima)


#########################################################################################################################################

#############################################################################
### In situ litter decomposition models - fire and forest characteristics ###
#############################################################################

library(tidyverse)
citation("tidyverse")

library(nlme)
citation("nlme")

library(ggeffects)
citation("ggeffects")

library(egg)
citation("egg")

decomp <- read.table("In situ decomposition.csv", header=T, sep=",")
preds <- read.table("Predictors_2019-10-25.csv", header=T, sep=",")  
pd <- inner_join(decomp, preds, by="plot")
distinct(pd, plot) # should be 30

### Black spruce
pm18 <- filter(pd, year==2018 & species=="Pima")
pm18$sol.st <- (pm18$propSOLcombusted - mean(pm18$propSOLcombusted)) / sd(pm18$propSOLcombusted) # fire severity
pm18$age.st <- (pm18$age - mean(pm18$age)) / sd(pm18$age) # stand age
pm18$pima.st <- (pm18$pima.prop - mean(pm18$pima.prop)) / sd(pm18$pima.prop) # proportion pre-fire black spruce
pm18$mat.st <- (pm18$MAT - mean(pm18$MAT)) / sd(pm18$MAT) # mean annual temperature

summary(mod <- lme(pc.lost ~ sol.st + age.st + pima.st + mat.st, random = ~ 1|plot, data=pm18)) 

#Predictions
pm <- ggpredict(mod, terms=c("age.st"))
pm.age <- rename(pm, "age"="x")

# Bene
#bn18 <- filter(pd, year==2018 & species=="Bene")
bn18 <- filter(pd, year==2018 & species=="Bene" & mass.lost>0.2) # sans outlier
bn18$sol.st <- (bn18$propSOLcombusted - mean(bn18$propSOLcombusted)) / sd(bn18$propSOLcombusted)
bn18$age.st <- (bn18$age - mean(bn18$age)) / sd(bn18$age)
bn18$pima.st <- (bn18$pima.prop - mean(bn18$pima.prop)) / sd(bn18$pima.prop)
bn18$mat.st <- (bn18$MAT - mean(bn18$MAT)) / sd(bn18$MAT)

summary(modb <- lme(pc.lost ~ sol.st + age.st + pima.st + mat.st, random = ~ 1|plot, data=bn18))

# Predictions
bn <- ggpredict(modb, terms=c("pima.st"))
bn.pima <- rename(bn, "pima.prop"="x")

## Graphs of predicted values for significant predictors against mass lost for each species (Fig. 5)

pma <- ggplot(pm.age, aes(age, predicted)) +
  geom_point(data=pm18, aes(x=age.st, y=pc.lost)) + 
  geom_line() +
  geom_ribbon(aes(ymin = predicted - std.error, ymax = predicted + std.error), alpha = 0.3) +
  theme_bw() +
  xlab("Stand age") +
  ylab("Decomposition rate (% mass lost)") +
  annotate("text", x=-0.8, y=65, label= "(a)", size=3) +
  annotate("text", x=2, y=65, label="1.68 (0.76); P<0.05", size=3) +
  ylim(20, 65)
  
bna <- ggplot(bn.pima, aes(pima.prop, predicted)) +
  geom_point(data=bn18, aes(x=pima.st, y=pc.lost)) +
  geom_line() +
  geom_ribbon(aes(ymin = predicted - std.error, ymax = predicted + std.error), alpha = 0.3) +
  theme_bw() +
  xlab("Stand type (Proportion pre-fire black spruce)") +
  ylab("") +
  annotate("text", x=-2, y=65, label= "(b)", size=3) +
  annotate("text", x=0.3, y=65, label="1.65 (0.72); P<0.05", size=3) +
  ylim(20, 65)

grid.arrange(grobs = lapply(
  list(pma, bna),
  set_panel_size,
  width = unit(7, "cm"),
  height = unit(7, "cm")
), ncol=2)

##################################################################################################################################

################################################################
### In situ litter decomposition models - fungal communities ###
################################################################

library(tidyverse)
citation("tidyverse")

decomp <- read.table("In situ decomposition.csv", header=T, sep=",")

# plot-level means of decomp rates because they are not spatially paired with sequences
dec.plot <- decomp %>%
  filter(year=="2018") %>%
  group_by(plot, species) %>%
  summarise(plot.lost = mean(pc.lost))
summary(dec.plot)


# Fungal variables at plot level
funv <- read.table("Fungal_plot_vars.csv", header=T, sep=",")

fd <- inner_join(dec.plot, funv, by="plot")
distinct(fd, plot) # 17

### Black spruce
#spp <- filter(fd, species=="Pima")
spp <- filter(fd, species=="Pima" & plot!="SS33-6A") # sans outlier


## Birch
spp <- filter(fd, species=="Bene")


# Heat-resistant fungal abundance
spp$hrf.st <- (spp$hrf.abundance - mean(spp$hrf.abundance)) / sd(spp$hrf.abundance)
summary(moh <- glm(plot.lost ~ hrf.st, family="gaussian", data=spp))
par(mfrow=c(2,2))
plot(moh)

# Total fungal richness
spp$sr.st <- (spp$total.rich - mean(spp$total.rich)) / sd(spp$total.rich)
summary(mot <- glm(plot.lost ~ sr.st, family="gaussian", data=spp))
par(mfrow=c(2,2))
plot(mot)

# Saprotroph richness
spp$sapr.st <- (spp$sap.rich - mean(spp$sap.rich)) / sd(spp$sap.rich)
summary(mos <- glm(plot.lost ~ sapr.st, family="gaussian", data=spp))
par(mfrow=c(2,2))
plot(mos)


## P value corrections - black spruce
p.adjust(c(2e-16, 0.138, # hrf abundance
           2e-16, 0.631, # total richness
           2e-16, 0.58), # saprotroph richness
         method="fdr")


# birch
p.adjust(c(2e-16, 0.294, # hrf abundance
           2e-16, 0.977, # total richness
           2e-16, 0.987), # saprotroph richness
         method="fdr")


###################################################################################################################################

###############################################################################################
## Correlations between heat-resistant fungal richness and other aspects of fungal richness ###
###############################################################################################

library(tidyverse)
citation("tidyverse")

library(egg)
citation("egg")

# Quadrat-level fungal richness against heat-resistant fungal richness
quad <- read.table("Fungal_quadrat_vars.csv", header=T, sep=",")
cor.test(quad$hrf.rich, quad$total.rich, method="spearman") # heat-resistant fungal richness vs total fungal richness
cor.test(quad$hrf.rich, quad$sap.rich, method="spearman") # heat-resistant fungal richness vs saprotroph richness
cor.test(quad$hrf.rich, quad$path.rich, method="spearman") # heat-resistant fungal richness vs plant pathogen richness
cor.test(quad$hrf.rich, quad$ECM.rich, method="spearman") # heat-resistant fungal richness vs ectomycorrhizal richness

# adjust P-values
p.adjust(c(0.006392, 0.002565, 0.04711, 0.4354), method="fdr") 


# Plot-level fungal richness against heat-resistant fungal richness
plotr <- read.table("Fungal_plot_vars.csv", header=T, sep=",")
cor.test(plotr$hrf.rich, plotr$total.rich, method="spearman") # heat-resistant fungal richness vs total fungal richness
cor.test(plotr$hrf.rich, plotr$sap.rich, method="spearman") # heat-resistant fungal richness vs saprotroph richness
cor.test(plotr$hrf.rich, plotr$path.rich, method="spearman") # heat-resistant fungal richness vs plant pathogen richness
cor.test(plotr$hrf.rich, plotr$ecm.rich, method="spearman") # heat-resistant fungal richness vs ectomycorrhizal richness

# adjust P-values
p.adjust(c(0.1647, 0.2046, 0.009244, 0.8953), method="fdr") 
  

# Graphs (Fig. S2)
tot.q <- ggplot(quad, aes(total.rich, hrf.rich)) +
  geom_point() +
  geom_smooth(method="lm", se=F, colour="black") +
  ylim(0, 4.5) +
  annotate("text", x=12, y=4.5, label= "(a)", size=3) +
  xlab("Total fungal richness") +
  ylab("Heat resistant fungal richness") +
  annotate("text", x=270, y=4.5, label="r=0.23, P<0.05", size=3) +
  theme_bw()

sap.q <- ggplot(quad, aes(sap.rich, hrf.rich)) +
  geom_point() +
  geom_smooth(method="lm", se=F, colour="black") +
  ylim(0, 4.5) +
  annotate("text", x=2, y=4.5, label= "(c)", size=3) +
  xlab("Fungal saprotroph richness") +
  ylab("Heat resistant fungal richness") +
  annotate("text", x=32, y=4.5, label="r=0.25, P<0.01", size=3) +
  theme_bw() 

path.q <- ggplot(quad, aes(path.rich, hrf.rich)) +
  geom_point() +
  ylim(0, 4.5) +
  theme_bw() +
  annotate("text", x=0.2, y=4.5, label= "(e)", size=3) +
  xlab("Fungal plant pathogen richness") +
  ylab("Heat resistant fungal richness") +
  annotate("text", x=5.5, y=4.5, label="r=0.17, P=0.628", size=3)

ecm.q <- ggplot(quad, aes(ECM.rich, hrf.rich)) +
  geom_point() +
  ylim(0, 4.5) +
  theme_bw() +
  annotate("text", x=0.2, y=4.5, label= "(g)", size=3) +
  xlab("Ectomycorrhizal richness") +
  ylab("Heat resistant fungal richness") +
  annotate("text", x=20, y=4.5, label="r=0.07, P=0.435", size=3)



tot.p <- ggplot(plotr, aes(total.rich, hrf.rich)) +
  geom_point() +
  ylim(0, 6) +
  xlab("Total fungal richness") +
  ylab("Heat resistant fungal richness") +
#  geom_smooth(method="lm", se=F, colour="black") +
  annotate("text", x=0.20, y=6, label= "(b)", size=3) +
  annotate("text", x=380, y=6, label="r=0.21 P=0.273", size=3) +
  theme_bw()

sap.p <- ggplot(plotr, aes(sap.rich, hrf.rich)) +
  geom_point() +
#  geom_smooth(method="lm", se=F, colour="black") +
  ylim(0,6) +
  xlim(0,100) +
  theme_bw() +
  annotate("text", x=1, y=6, label= "(d)", size=3) +
  xlab("Fungal saprotroph richness") +
  ylab("Heat resistant fungal richness") +
 annotate("text", x=75, y=6, label="r=0.19, P=0.273", size=3)

path.p <- ggplot(plotr, aes(path.rich, hrf.rich)) +
  geom_point() +
  geom_smooth(method="lm", se=F, colour="black") +
  ylim(0, 6) +
  xlim(0, 15) +
  theme_bw() +
  annotate("text", x=0, y=6, label= "(f)", size=3) +
  xlab("Fungal plant pathogen richness") +
  ylab("Heat resistant fungal richness") +
  annotate("text", x=12, y=6, label="r=0.38, P<0.05", size=3)

ecm.p <- ggplot(plotr, aes(ecm.rich, hrf.rich)) +
  geom_point() +
  ylim(0, 6) +
#  xlim(0, 15) +
  theme_bw() +
  annotate("text", x=0, y=6, label= "(h)", size=3) +
  xlab("Ectomycorrhizal richness") +
  ylab("Heat resistant fungal richness") +
  annotate("text", x=45, y=6, label="r=0.02, P=0.895", size=3)

grid.arrange(grobs = lapply(
  list(tot.q, tot.p, 
       sap.q, sap.p, 
       path.q, path.p, 
       ecm.q, ecm.p),
  set_panel_size,
  width = unit(5, "cm"),
  height = unit(5, "cm")), nrow=4)




