
Supplementary Data
Title: Recovery of silver �r (Abies alba Mill.) seedlings from ungulate browsing
mirrors soil nitrogen availability

The following Supplementary Data are available for this article:

Table S1 Names, political and geographic situation of the 19 silver �r (Abies alba Mill.)
populations.
Table S2Model comparisons.
Table S3 Trait heritabilities under Control conditions (pooled model).
Table S4 QST -FST tests.
Table S5 Correlation between traits measured in seedlings and environmental variables.
Table S6 Correlation between traits measured in adult trees and environmental variables.
Figure S1 Height loss due to Terminal bud removal and Heavy browsing treatments per block.
Figure S2 Physiological trait values in adult trees in-situ per populations and Kruskal-Wallis
test of population di�erences.
Figure S3 C/N ratio of the top mineral soil layer at the common garden site in Matzendorf and
at the seed source populations.
Figure S4 Coe�cient of variation in C concentration and δ13C , and correlation between
population medians in adult trees (and seedling population e�ects) and environmental
variables.
Supplementary Results Genetic correlations among growth and physiological traits
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Table S1: Abbreviations of the population names, their longitude and latitude, elevation in
meters, and names of the nearby village (all in Switzerland) from which the abbreviations were
derived. Identical to Table S1 of Csilléry et al. (2020b).

Population code Latitude Longitude Elevation Nearby village
BEI 47.230◦N 8.318◦E 843 Beinwil
BON 46.324◦N 9.541◦E 1334 Bondo
BRS 46.595◦N 6.175◦E 1221 Le Chenit (Le Brassus)
COR 47.162◦N 7.055◦E 840 Cormoret
GRB 47.334◦N 9.114◦E 922 Oberhelfenschwil (Graben)
GRY 46.299◦N 7.091◦E 1433 Gryon
JEZ 46.921◦N 9.700◦E 1158 Jenaz
LUT 46.634◦N 7.952◦E 817 Lütschental
MGY 46.095◦N 7.100◦E 1022 Martigny
MUO 46.991◦N 8.708◦E 691 Muotatal
NFS 47.090◦N 8.997◦E 1152 Näfels
POS 46.270◦N 10.082◦E 1602 Poschiavo (Le Prese)
PRA 46.479◦N 8.750◦E 1180 Prato (Leventina)
SIG 46.891◦N 7.761◦E 938 Signau
SIR 46.280◦N 7.560◦E 1149 Sierre
TSC 46.938◦N 10.481◦E 1284 Tschlin
VAZ 46.639◦N 7.002◦E 965 Maules
VRG 46.237◦N 8.530◦E 1149 Vergeletto
VWD 47.273◦N 7.884◦E 481 Vordemwald
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Table S2: Likelihood ratio tests (LRT) comparing models of di�erent complexity. The full model
included all variables listed in the column headings as random e�ects. This model was compared
to a model without the variables in the column headings one by one. If the log likelihood of the
full model was greater, the p-value of the LRT is given. p-values less than 0.05 indicate that the
model is better including the given random e�ect. Note however that while the model can be
signi�cantly better with a given random e�ect, the variance component associated with it is not
always di�erent from zero (see Fig. 2). If the log likelihood of the reduced model was greater,
NA is given.

Terminal bud removal
Year Trait Seed Weight DBH Treatment Block Population Pedigree
Growth traits
2015 Height 0.010 0.904 0.093 0.064 0.369 0.000

Terminal Height 0.007 0.899 0.000 0.006 0.078 0.000
Diameter 0.002 0.229 0.998 0.000 0.680 0.000

2016 Height 0.002 0.592 0.997 0.001 0.376 0.001
Terminal Height 0.000 0.729 0.004 0.000 0.873 0.000
Diameter 0.003 0.444 NA 0.000 0.487 0.000
Fresh weight 0.003 0.502 0.999 0.000 0.544 0.000

Physiological traits
2016 NSC [%] 0.496 0.386 0.888 0.055 0.104 0.103

Starch [%] 0.655 0.421 0.199 0.000 0.002 0.227
Sugar [%] 0.505 0.370 NA 0.000 0.120 0.254
C [%] 0.055 0.483 0.000 0.773 0.012 0.376
δ13C 0.278 0.526 NA 0.000 0.298 0.145
N [%] 0.524 0.255 0.106 0.095 0.007 NA
δ15N 0.200 0.202 NA 0.000 0.000 0.377
C/N 0.301 0.386 0.057 0.153 0.028 NA

Heavy browsing
Year Trait Seed Weight DBH Treatment Block Population Pedigree
Growth traits
2015 Height 0.038 0.966 0.001 0.002 0.015 0.025

Terminal Height 0.111 0.765 0.000 0.001 0.004 0.099
Diameter 0.005 0.325 0.997 0.000 0.889 0.000

2016 Height 0.032 0.860 0.001 0.005 0.021 0.155
Terminal Height 0.011 0.796 0.000 0.002 0.076 0.107
Diameter 0.005 0.493 0.095 0.000 0.846 0.000
Fresh weight 0.046 0.729 0.013 0.000 0.382 0.005

Physiological traits
2016 NSC [%] 0.568 0.061 0.174 0.042 0.787 0.001

Starch [%] 0.271 0.064 0.159 0.008 0.132 0.005
Sugar [%] 0.519 0.181 NA 0.000 0.593 0.109
C [%] 0.156 0.737 0.030 0.998 0.028 0.030
δ13C 0.202 0.733 0.000 0.003 0.065 0.316
N [%] 0.814 0.066 0.094 0.092 0.040 0.285
δ15N 0.559 0.563 0.000 0.002 0.432 0.073
C/N 0.575 0.079 0.090 0.103 0.077 0.316

3



Table S3: Heritability estimates under control conditions (i.e. no browsing stress) estimated from
the pooled model (equation 3) for all traits measured in seedlings in the common garden. Sugar,
Starch, NSC, C, N are concentrations and expressed as %, and δ traits as�.

Trait h2 SE
Growth traits
Height 2015 0.642 0.235
Height 2016 0.472 0.210
Terminal Height 2015 0.375 0.169
Terminal Height 2016 0.415 0.183
Diameter 2015 0.656 0.413
Diameter 2016 0.575 0.602
Fresh weight 2016 0.586 0.237
Physiology traits (2016)
NSC 0.210 0.158
Starch 0.134 0.129
Sugar 0.128 0.127
C 0.094 0.124
δ13C 0.184 0.150
N 0.000 0.126
δ15N 0.078 0.103
C/N 0.000 0.124
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Table S4: Test of spatially divergent selection based on the comparison between population
genetic divergence at traits (QST ) and genetic divergence at neutral genetic markers (FST ) for
all traits measured in seedlings in the common garden. Calculations were performed using the
R package QstFstComp (Gilbert & Whitlock, 2015). Note that slightly di�erent QST values are
reported in Fig. 4 because the calculations are based on a mixed e�ects model that includes
the covariates Seed weight and DBH of mother trees, and random e�ects block and population.
Note also that Csilléry et al. (2020b) reported the same test results for 2013 and 2014 Height and
Diameter, but their test results were di�erent (higher QST and smaller p-values) because the
sample size was larger. The tests reported herein are based on a sample size roughly 40% less
due to mortality and because the Heavy browsing blocks are excluded. Sugar, Starch, NSC, C, N
are concentrations and expressed as %, and δ traits as�.

Trait QST FST QST -FST CI low CI high p-value
Height 2012 0.132 0.0453 0.086 −0.0643 0.1605 0.096
Height 2013 0.193 0.0453 0.148 −0.0667 0.1795 0.039
Height 2014 0.143 0.0453 0.097 −0.0653 0.1689 0.079
Height 2015 0.084 0.0453 0.039 −0.0669 0.1884 0.250
Height 2016 0.086 0.0453 0.041 −0.0718 0.2366 0.262
Diameter 2012 −0.002 0.0453 −0.047 −0.0613 0.1362 0.911
Diameter 2013 0.044 0.0453 −0.002 −0.0627 0.1487 0.508
Diameter 2014 0.033 0.0453 −0.013 −0.0623 0.1440 0.606
Diameter 2015 0.031 0.0453 −0.014 −0.0648 0.1634 0.616
Diameter 2016 0.042 0.0453 −0.003 −0.0670 0.1784 0.517
Fresh weight 0.055 0.0453 0.010 −0.0684 0.1966 0.421
NSC 0.100 0.0453 0.055 −0.5611 0.7839 0.269
Starch 0.349 0.0453 0.304 −1.0825 1.0532 0.077
Sugar 0.132 0.0453 0.087 −1.0223 1.0548 0.186
C 0.487 0.0453 0.442 −0.9589 0.8590 0.044
δ13C 0.085 0.0453 0.040 −0.9246 0.9766 0.271
N −0.312 0.0453 −0.357 −0.6628 0.6552 0.954
δ15N 0.508 0.0453 0.463 −1.0619 0.9839 0.051
C/N −0.250 0.0453 −0.295 −0.7229 0.6866 0.938
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Table S6: Spearman correlation (uncorrected p-value) between traits measured in adult trees in-
situ (population means) and environmental variables. C and N are concentrations and expressed
as %, and δ traits as �. Correlations that are signi�cant (p-value < 0.05) after a correction
for 36 independent tests are marked in bold italic, while those signi�cant with correction for
nine independent tests are marked in bold. Abbreviations: TWI: topographic wetness index,
T: temperature, P: precipitation, Mon: month, Qtr: quarter, PET: potential evapotranspiration,
AWC: available water capacity

Adult trees in-situ (population median)
C δ13C N δ15N C/N

Spearman correlation (p-value)
Topographic variables
Longitude -0.6 (0.008) -0.13 (0.604) -0.38 (0.108) 0.11 (0.657) 0.32 (0.182)
Latitude -0.14 (0.58) -0.33 (0.163) 0.33 (0.161) -0.01 (0.957) -0.34 (0.15)
Elevation -0.02 (0.94) 0.45 (0.051) -0.15 (0.529) 0.18 (0.471) 0.16 (0.508)
Slope -0.49 (0.034) -0.05 (0.839) -0.81 (<0.001) -0.1 (0.683) 0.78 (<0.001)
TWI 0.47 (0.045) -0.11 (0.665) 0.61 (0.005) -0.25 (0.295) -0.56 (0.015)
Aspect 0.46 (0.049) 0.34 (0.15) -0.12 (0.617) -0.27 (0.264) 0.12 (0.623)
Bioclimatic variables
Annual Mean T 0.02 (0.945) -0.4 (0.087) 0.16 (0.522) -0.2 (0.402) -0.17 (0.48)
Mean Diurnal Range -0.12 (0.621) 0.18 (0.466) -0.46 (0.047) -0.19 (0.423) 0.42 (0.073)
Isothermality -0.1 (0.689) 0.29 (0.228) -0.31 (0.201) -0.06 (0.809) 0.3 (0.211)
T Seasonality -0.28 (0.247) 0.04 (0.87) -0.65 (0.003) -0.07 (0.776) 0.59 (0.009)
Max T of Warmest Mon 0.11 (0.667) -0.37 (0.116) 0.13 (0.61) -0.21 (0.385) -0.12 (0.631)
Min T of Coldest Mon 0.17 (0.48) -0.33 (0.17) 0.26 (0.288) -0.19 (0.444) -0.24 (0.324)
T Annual Range 0.06 (0.809) -0.28 (0.244) -0.23 (0.351) -0.41 (0.082) 0.17 (0.48)
Mean T of Wettest Qtr -0.22 (0.358) -0.59 (0.008) 0.11 (0.643) -0.3 (0.217) -0.1 (0.689)
Mean T of Driest Qtr -0.24 (0.313) -0.34 (0.148) -0.04 (0.869) -0.06 (0.809) -0.03 (0.9)
Mean T of Warmest Qtr 0.03 (0.905) -0.37 (0.119) 0.1 (0.675) -0.22 (0.369) -0.11 (0.641)
Mean T of Coldest Qtr 0.12 (0.631) -0.38 (0.113) 0.13 (0.605) -0.26 (0.272) -0.11 (0.641)
Annual P 0.04 (0.871) -0.12 (0.637) 0.52 (0.022) 0.16 (0.503) -0.6 (0.008)
P of Wettest Mon 0.11 (0.667) -0.08 (0.748) 0.58 (0.009) 0.12 (0.616) -0.64 (0.004)
P of Driest Mon 0.63 (0.005) 0.09 (0.705) 0.08 (0.747) -0.25 (0.295) -0.01 (0.968)
P Seasonality -0.04 (0.865) -0.07 (0.762) 0.47 (0.043) 0.05 (0.854) -0.43 (0.068)
P of Wettest Qtr 0.08 (0.748) -0.07 (0.778) 0.46 (0.048) 0.26 (0.285) -0.51 (0.027)
P of Driest Qtr 0.28 (0.24) -0.04 (0.878) 0.46 (0.048) 0.02 (0.928) -0.47 (0.043)
P of Warmest Qtr -0.2 (0.414) 0.02 (0.943) 0.21 (0.389) 0.09 (0.705) -0.29 (0.231)
P of Coldest Qtr 0.18 (0.457) -0.1 (0.692) 0.53 (0.018) 0.01 (0.968) -0.57 (0.012)
Drought and frost indices
PET (Thornthwaite) -0.04 (0.877) -0.43 (0.064) 0.1 (0.68) -0.19 (0.431) -0.11 (0.641)
PET (Hargreaves) 0.19 (0.431) -0.26 (0.286) -0.2 (0.42) -0.35 (0.145) 0.25 (0.299)
late.frost2 -0.01 (0.974) -0.44 (0.061) 0.13 (0.597) -0.19 (0.427) -0.14 (0.556)
Soil variables from local soil pits
Sand [%] -0.06 (0.815) 0.13 (0.584) -0.18 (0.455) 0.18 (0.471) 0.2 (0.402)
Silt [%] -0.11 (0.652) -0.1 (0.684) -0.1 (0.691) -0.35 (0.147) 0.06 (0.804)
Clay [%] -0.12 (0.616) -0.13 (0.596) 0.25 (0.296) -0.12 (0.61) -0.3 (0.217)
Total N [%] 0.12 (0.631) -0.04 (0.881) 0.11 (0.656) 0.25 (0.306) -0.12 (0.636)
Total C [%] 0.1 (0.683) -0.06 (0.792) 0.08 (0.755) 0.36 (0.133) -0.06 (0.809)
Total Organic C [%] 0.09 (0.71) -0.09 (0.726) 0.04 (0.864) 0.33 (0.163) -0.03 (0.9)
Organic C/Total N -0.13 (0.595) -0.02 (0.935) -0.58 (0.009) 0.03 (0.911) 0.63 (0.005)
pH (upper limit) -0.04 (0.888) 0.08 (0.756) 0.06 (0.799) 0.08 (0.754) -0.07 (0.776)
AWC (1m) 0.02 (0.935) -0.02 (0.949) 0.04 (0.855) -0.57 (0.011) 0 (0.991)8
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Figure S1: Height loss per block. See Fig/ 1 for the spatial arrangement of the blocks.
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Figure S2: Traits measured in adult trees in-situ across the 19 populations and Kruskal-Wallis
test of di�erences between population medians.
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Figure S4: Coe�cient of variation in C concentration and δ13C , and correlation between adult
population medians (and seedling population e�ects) and environmental variables. Note that
these are the strongest correlations that have unadjusted p-values < 0.05 (see Table S6), but none
of them passed the correction for multiple testing.
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Genetic correlations among growth and physiological traits

We �tted amultivariate version of equation 3 to estimate the additive genetic covariance between
all pairs of seedling traits (COVA) and the genetic correlations between traits as

rg =
COVA(i, j)�
(VA(i)VA(j)

,

where i and j are indices for two di�erent traits. Only traits measured in 2016 were compared.
Signi�cant genetic correlations were detected when the absolute value of the Z score was higher
than two.

Due to the limited sample size, convergence was achieved only if we used population as a
�xed and not a random e�ect, as opposed to the pooled model that was used to estimate QST .
Even with this model, 15 out of the 55 trait pairs did not reach convergence (Table S7). Among
the other 40 trait pairs we were able to identify several signi�cant additive genetic trait
correlations between pairs of growth or physiological traits, as well as between a growth and a
physiological trait. However, these estimates also have to be interpreted with caution because
population di�erences for some traits may have created spurious correlations. In the below
paragraph, we attempt to interpret some of the signi�cant correlations.

Not surprisingly, we detected a strong genetically based character integration between
Height and Diameter and between Height and Fresh weight (Table S7). Physiological traits
were largely independent from one another with the exception of derived traits with their
original traits (Starch vs NSC, C/N vs C, C/N vs N). Although Starch and Sugar were not
derived from one another, the signi�cant negative correlation between them could be partly
due to the measurement method. We detected a strong positive genetic correlation between
δ15N and Starch (rg=0.65, z-score=3.03). Although the heritability of δ15N did not di�er
signi�cantly from zero, our data revealed that seedlings from the same family that had a high
Starch concentration also had a high δ15N. We also detected a signi�cant positive genetic
correlation between δ13C and C concentration, thus higher water use e�ciency was genetically
associated with higher bulk C concentration. Finally, several physiological traits were
genetically correlated with growth traits. Needle Starch was positively correlated with
Diameter, Sugar with all growth traits, though weakly. δ13C was positively correlated with
growth traits, needle C concentration had a negative genetic correlation with growth. δ15N also
showed a signi�cant negative genetic character integration with Height and Fresh Weight,
indicating that families that had a higher δ15N grew less and/or had a lower biomass.
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Table S7: Genetic correlations (rg) between growth and physiological traits measured in 2016
and the z-scores from the model. Sugar, Starch, NSC, C, N are concentrations and expressed as
%, and δ traits as �. nc indicates that the model did not converge to the maximum likelihood
solution with ASReml. z-scores > 2 indicate a non-zero additive genetic covariance between
traits.

Trait 1 Trait 2 rg z-score
δ15N δ13C −0.013 2.029
δ15N N nc nc
δ15N C −0.013 2.029
δ15N C/N −0.013 2.029
δ15N Sugar 0.081 2.150
δ15N Starch 0.655 3.032
δ15N NSC 0.523 2.481
δ15N Diameter −0.013 2.029
δ15N Height −0.800 3.470
δ15N Fresh weight −0.726 3.610
δ13C N 0.355 1.084
δ13C C 0.331 2.557
δ13C C/N 0.111 0.727
δ13C Sugar 0.000 2.239
δ13C Starch nc nc
δ13C NSC nc nc
δ13C Diameter 0.430 3.580
δ13C Height 0.167 3.482
δ13C Fresh weight 0.521 3.624
N C −0.013 2.029
N C/N −0.943 0.739
N Sugar −0.204 1.213
N Starch nc nc
N NSC nc nc
N Diameter −0.013 2.029
N Height nc nc
N Fresh weight −0.013 2.029
C C/N −0.482 0.852
C Sugar nc nc
C Starch −0.541 1.290
C NSC −0.848 1.739
C Diameter −0.535 3.550
C Height −0.757 2.430
C Fresh weight −0.672 3.165
C/N Sugar −0.613 1.090
C/N Starch 0.621 1.150
C/N NSC 0.245 1.353
C/N Diameter nc nc
C/N Height −0.178 2.105
C/N Fresh weight −0.945 2.456

Trait 1 Trait 2 rg z-score
Sugar Starch −0.391 2.430
Sugar NSC 0.742 2.699
Sugar Diameter 0.060 3.574
Sugar Height 0.151 3.356
Sugar Fresh weight 0.120 3.592
Starch NSC 0.874 1.565
Starch Diameter 0.280 3.575
Starch Height −0.078 3.205
Starch Fresh weight 0.008 3.573
NSC Diameter 0.259 3.568
NSC Height 0.023 3.053
NSC Fresh weight 0.089 3.542
Diameter Height 0.944 2.746
Diameter Fresh weight nc nc
Height Fresh weight 0.956 3.429

14


