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Abstract

Forest damage by insect infestation directly affects the trees themselves, but also indirectly
affects water quality via soil processes. The changes in water composition may undergo
different pathways depending on site-specific characteristics and forest components,
especially the proportion of coniferous and deciduous trees. Here, we test whether changes in
forest components and the intensity of disturbance can predict the chemical properties of
water outflow from affected lake catchments. Information abo':* fo, 2st regeneration (a phase
dominated by deciduous trees) and the proportions of dam 1ge! and healthy coniferous trees
and treeless areas were obtained from satellite data. Th=1.'r study catchments of Prasilské,
Laka, Plesné, and Certovo lakes are geographically c’ose and located in the same mountain
range (Sumava Mts., Czech Republic) at similir . tizude, but they differ in extents of forest
disturbances and recoveries. The water ¢, 'ali.y measured at the lake catchment outflows
differed, and better reflected the develo,ment of forest components and health than did
meteorological (temperature and r+ac.»*@tion) or hydrological (discharge) variables. Several
of the outflow properties (conc:ntradons of inorganic aluminium, protons, potassium,
calcium, magnesium, alkalin,2/ dissolved organic carbon (DOC), nitrate, and total
phosphorus), respondeu ~aichment-specifically and with different delays to forest
disturbance. The most pronounced differences occurred in DOC concentrations, which started
to increase in the most disturbed Plesné and Laka catchments 7 and 6 years, respectively,
after the peak in tree dieback, but did not increase significantly in the Prasilské catchment,
which was disturbed several times during the last 3-4 decades. This study demonstrates an
importance of extents of forest disturbances, the following changes in forest composition, and

catchment-specific characteristics on water composition.



1. Introduction

Surface water quality in forested areas is linked to land use changes, properties of the
vegetation type (Andréassian, 2004, Downing 2010, Sebald et al., 2019), and local
hydrological and landscape characteristics (Fairchild and Velinsky, 2006, Tranvik et al.,
2009, Kopacek et al., 2017). Both anthropogenic influences and natural processes such as
sudden forest disturbances can disrupt long-term water quality dynamics (Cuypers et al.,
2013, Hrkal et al., 2014, Vystavna et al., 2017, Scarlett et al., 22?0, In addition, changes of
water properties are closely connected to a range of meteo oiuical and hydrological
conditions, and recently are under the effects of globa"/ 1.>~reasing temperature and
precipitation fluctuations (Madsen et al., 2014, Arnel’ ai.d Gosling, 2016, Shabarova et al.,
2021). Considering that the timing and historv or diccurbances as well as the environmental
conditions vary among sites, we need to ‘o pare multiple systems in order to capture and
better understand the factors driving we:er quality fluctuations. In most situations, the extent
of changes in water quality reflect tho <everity of disturbances or the type and intensity of
management. To tackle issues c+ising from changes in water quality, there is an urgent need
for studies that aim to disenta2ce the effects of disturbances and environment characteristics

by monitoring multiple cites over several years.

Forest disturbances by bark beetle infestations have been under increasing focus in recent
years in both North America and Europe (Seidl et al., 2014, 2017). In the mountain systems
of Central Europe, bark beetle infestations affect large areas of mature coniferous forest of
Norway spruce (Picea abies), including those situated at high altitudes (Hais et al. 2009,
Pasztor et al., 2014, Seidl et al., 2014, Nési et al., 2015). Apart from conifers, these forests
also contain subdominant deciduous trees, such as European beech (Fagus sylvatica), rowan

(Sorbus aucuparia), birch (Betula pubescens and B. pendula), and maple (Acer



pseudoplatanus), which are not infested by the spruce bark beetle. Deciduous trees can in
such catchments have a temporary advantage in periods when conifers disappear (Sedmakova
et al., 2019, Baier et al., 2007, Zywiec et al., 2013, Holeksa et al., 2017, Morav¢ik, 1994), but
later during the forest succession, they are generally displaced by regenerating spruce stands.
Growth patterns of deciduous and coniferous trees vary both temporally and spatially, and
effects on the chemical properties of soil and consequently on water quality in streams and

downstream water bodies can last months, years, and even decades.

Besides their effects on surface and soil temperature, soil wetess and hydrological
characteristics, natural disturbances that destroy large stenu- o trees can lead to a series of
biogeochemical processes in soils and waters, usuall*: las.'ng several years (Clark et al., 2010,
Huber et al., 2004, Kopacek et al., 2017, Mikola* ¢ al., 2021, Schmidt et al., 2021). For
instance, a recent bark beetle outbreak in th~ ui.managed catchment of Plesné Lake (Czech
Republic), and the decayed dead biomass re.~ased biodegradable organic carbon and mineral
components like ammonium (NH4") p :nsphate (PO4>), and base cations (K*, Ca**, and
Mg?") into the soil (Kafia et al., 2114, 2015), which was followed by a pronounced increase
in nutrient leaching into the ca~hinent surface water (Kopacek et al., 2017; Schmidt et al.,
2021). The changes in water somposition included increasing concentrations of nitrate (NO3~
), protons (H"), ionic alur.inium (Al;), K*, Ca?*, and Mg®* soon after forest disturbances,
while increased concentrations of dissolved organic carbon (DOC) was delayed for several
years (Kana et al., 2013; Kopacek et al., 2017; Schmidt et al., 2021). This highlights the need
for studies on disturbances to include the recovery phase, because some catchment and soil

characteristics react with pronounced delays (Schmidt et al. 2021).

In this study, we assessed changes in the coniferous and deciduous components of the forest

as predictors of both immediate and delayed responses to water quality dynamics. We studied



the long-term dynamics of water quality in the outflow of four lakes (Certovo, Laka, Plené,
and Prasilské) with forested catchments situated in the Sumava Mts. (Czech Republic). Our
aim was to disentangle the effects of climate variables and forest stand canopy components
on changes in water quality. We predicted that changes in lake catchment outflow water
quality could be related to the proportion of healthy, damaged, or regenerating coniferous
trees, and regenerating healthy deciduous trees. In addition, we assessed whether a forest
disturbance index based on satellite data could be used to predict linear and nonlinear

changes in lake catchment water quality.

Our hypotheses were: 1) immediate responses of water che.miral conditions are more due to
meteorological and hydrological influences than to c* ang s in forest structure, 2) the
influence of forest disturbances on water quality u.namics correlates with forest composition
(coniferous and deciduous tree component<} an.d forest health, and 3) water quality properties
respond with the same delay to forest distui.ances in all catchments of the same mountain

range.

2. Material and methods

In four lake catchments of the same climatic zone, i.e., temperate forests at an altitude of ca.
1000 to 1400 m a.s.l. in Central Europe, we investigated the short-term effects of
meteorological influences and the short and medium-term effects of forest change, estimated
from satellite imagery, on catchment outflow water quality. To calculate the proportion of
deciduous and coniferous trees and the proportion of coniferous stands that were healthy in
contrast to those that showed signs of severe damage, we used the FII index of the Forest

Management Institute of the Ministry of Agriculture of the Czech Republic (Ustav pro



hospodatskou upravu lesi, UHUL; http://geoportal.uhul.cz/mapy/mapyzsl.html). We also
calculated the damage index cFIl (Schmidt et al., 2021) for a catchment-scale assessment of
forest health. All the proportions and the index were calculated for each year that the data
were available, excluding periods with errors associated with clouds. Together with long-
term data of air temperature, precipitation, and catchment outflow, their effects on the
chemical properties of water were tested by linear parametric models and nonlinear

smoothing models.

2.1 Study sites

The four study catchments of Certovo, Plesné, Prasil-ke, and Laka lakes (Supplementary
Information (SI) Figure A.1, Table A.1) differ:a . *ae intensity and duration of disturbances
they were subjected to during the last 3C :.ea.s. All catchments are in unmanaged mountain
areas of the Sumava National Park ana :and use is 100% forest. Hence, anthropogenic
impacts in terms of land use are n~2ligitle. All four catchments suffered under long-term
acidic deposition and have bee. nitrogen-saturated since the 1960s (Vesely et al., 1998;
Majer et al., 2003). These etio~*s were, however, similar in all catchments due to their similar
altitudes and close vicii.’ty un the same site of mountain range (Supplementary information,
S, Figure A.1). All four catchments have a cold continental climate, with an average annual
air temperature of 4.7 °C (Turek et al., 2014). The annual precipitation averaged ~1,300 mm

during the study period (Kopacek et al., 2017).

The catchment bedrock is formed by granite in the Plesné catchment, mica-schist (muscovitic
gneiss), quartzite, and small amounts of pegmatite in the Certovo catchment, mica schist in

the Prasilské catchment, and mica schist and granodiorite in the Laka catchment (Vesely,



1994, 1998; Jansky and Zbotil, 1999). The granodiorite in the Laka catchment has a higher
calcium concentration than mica schist, which has Mg > Ca (Vesely et al., 1998). From a
hydrogeological point of view, the dominant rocks have low permeability, with water flow
limited to bedrock fissures and surficial aquifers formed in weathered zones (Czech
Geological Survey, 2019). Porous cavities between large boulders may be particularly

important for subsurface water transport (Vystavna et al., 2020).

The soils in the Plesné catchment are mostly sandy (75%), low ‘= ciry content (2%), and
include shallow leptosols (38%), podsols (29%) and dystri. c.mbisols (27%), with an
average soil depth of 33 cm; the remaining ground surface s bare rock (5%) and wetland
(1%) (Katia et al., 2014). The soils in the Certovo cat-hn.~nt are ~0.5 m deep dystric
cambisol (58%), podsol (21%), and shallow (--0.. =) leptosol (17%); wetlands and bare
rocks represent ~3% and 1%, respective. * Fine soil is sandy (48-81%) with a low (1-4%)
content of clay and a catchment weighte ¥ mean pool of 225 kg m 2 (< 2 mm, dry weight soil
fraction). In the Prasilské and LakZ ~a.ziiment, soils are dominated by kryptopodsol

(KPmM20), podsol (PZm20), anu lej (GLh07) (Némecek et al., 2001).

All catchments were preominantly covered by a primeval Norway spruce forest. About 90%
of the Plesné catchment was covered with mostly mature Norway spruce until the outbreak of
a bark beetle (Ips typographus L.) in 2004-2008, when >75% of trees were damaged
(Fluksova et al., 2020). Since then, in addition to dominant spruce saplings, the forest has
increasingly consisted of birch, rowan, and beech (Kopadek et al., 2017). The Certovo
catchment forest was almost intact in 2000 and consisted mainly of Norway spruce trees with
an average age of 140 years, with minor contributions of beech and fir (Kopacek et al., 2016).

It was affected by wind-throws in 2007 and 2008, which broke most of the trees along the



south—western ridge of the catchment (Kana et al., 2014). Other relatively small patches with
broken trees and a subsequent bark beetle outbreak occurred in the northern part and
throughout the whole Certovo catchment in 2007-2011. Altogether, the total area of damaged
forests (with ~50% dead trees) in the Certovo catchment increased from ~4% to 18% from
2000 to 2011 (Kopacek et al., 2016). Another windthrow uprooted most trees in a relatively
small area along the western ridge of the Certovo catchment in October 2017 (Kopadek et al.
2020). The vegetation in the Prasilské and Laka catchments has not been characterized in
detail. Most of the forest decline occurred in the Laka catchme=* ai:2r the 2007 and 2008
wind-throws and the subsequent bark beetle outbreak. The ric%lské forest was significantly
disturbed by wind-throws already between 1984-1995 ‘wi,2n the proportion of mature
Norway spruce stands in the catchment decreased frem - 20 to 30% (Vesely et al., 1980). The
coniferous trees had slowly recovered after the fu-e<. decline in the late 1980s—early 1990s
(Vesely et al., 1998) and reached a new ¢wui’ibrium in 2005, from which time a more severe
bark beetle infestation occurred until 2 0. This was probably one reason for the highest
proportion of birch, rowan, and E''*o.~~.n beech in the regenerating Prasilské forest compared
to the other catchments. The relt of the mature Prasilské forest was disturbed similarly to the

Laka catchment after the 2007 - 2008 storms.

2.2 Water sampling and analyses

Water samples from the outlets of Plesné and Certovo lakes (Supplementary information, Sl,
Figure A.1) have been collected at 3-week intervals starting in 1997 and 1998, respectively.
Data prior to this period come from Majer et al. (2003). Data on water composition of the
Prasilské and Laka lakes were taken from Vesely et al. (1998) and Kopacek (unpubl. data)

and are based on irregular (till 2004), then monthly sampling with additional sampling at high



precipitation and snowmelt. During sampling, the water was pre-filtered through a 200 um
sieve to remove coarse particles. Samples were stored in the dark at 4 °C until analysis and
were analysed within 2 days. In the laboratory, samples were filtered through either

membrane filters (0.45 um; ions) or through glass-fibre filters (0.4 um; other analyses).

The water quality characteristics selected for this study are commonly used in freshwater
monitoring. These characteristics reflect the key biogeochemical processes in catchment-lake
systems and have been shown to change following the bark bez*'e J'sturbances (Kopacek et
al., 2018; Kana et al. 2019). Alkalinity was determined by w11 titration (Gran, 1950). DOC
was analysed with TOC 5000A and TOC-L analysers /Sh.madzu). Dissolved aluminium (Al)
was fractionated according to Driscoll (1984) to non-iab.'2 Al and ionic Al species (Al;)
using cation exchange treated samples. Alumitiu.» ~oncentration was determined using the
spectrophotometric method of Dougan & Wison (1974). We assumed that concentrations of
organically bound Al (Al,) were equal > the non-labile Al. The concentration of Al; was the
difference between the concentrat’~n of dissolved Al and Al, concentrations (Kopacek et al.
2001). We determined total phesohurus (TP) according to Kopacek and Hejzlar (1993).
Concentrations of NH,"-N' N2, -N, K*, Ca®*, Mg®*, Na*, CI', and SO,* were determined by
ion chromatography (D."nex 1C25 and DIONEX 5000+, USA). The annual mean

concentrations in the lake outflows were calculated as arithmetical means.

2.3 Climatic and hydrological data

Annual mean temperatures in the Plesné and Certovo catchments were derived from

measured hourly temperature data series in these catchments in the years 2002 to 2012 using

regression modelling from temperature data at the long-running climatic station Churanov



(operated by the Czech Hydrometeorological Institute (CHMI); 49°04'N, 13°37'E; 1118 m
a.s.l.) according to Turek et al. (2014). For the Laka and Prasilské catchments, with regard to
their location, the average temperatures of the Pleiné and Certovo catchments, respectively

were used.

Annual precipitation in the Pleiné and Certovo catchments has been measured since 2000
(Kopacek et al., 2017) and 1998 (Kopacek et al., 2016), respectively. Remaining annual
precipitation data in the data series 1990 to 2019 used in this sty vere calculated from
regressions with annual precipitations at nearby CHMI cliraaw.~ stations, i.e., Churanov for
the Plesné catchment and gpiéék (49°10'N, 13°13'E; 973 1> a.s.l.) for the Certovo catchment.
Annual precipitation data in the Prasilské and Laka c'.tci.ments were approximated by data

from the closest CHMI climatic station, i.e., P-as:‘v (49°6'25"N, 13°22'43"E; 883 m a.s.l.).

The outflow from the Plesné and Certo. ~ lakes has been continuously measured at the outlets
of the lakes with calibrated gauge< <ir.~2 2001 and 1998, respectively. The other data on
annual outflow in the data seriv~ 1990 to 2019 of this study were calculated from the values
of the average runoff coefficion’ (i.e., RC = Discharge / Precipitation in the catchment),
which were 0.81 for the Plesné and 0.89 for the Certovo catchment during the measured
periods, respectively. The annual outflow values from the Prasilské and Laka catchments
were approximated using an average runoff coefficient of 0.85 (calculated from the two other
catchments) and the local precipitation. The water residence times in lakes differed from 0.03
yrin Laka to 1.6 yr in Certovo (Kopagek et al., 2016, 2017, and unpubl. data; Table A.1),

causing a between-lake variability in in-lake processes. This effect is discussed in section 4.

2.4 Satellite data analyses (for forest composition and disturbance)

10



The forest infrared index (FII) of the Forest Management Institute of the Ministry of
Agriculture of the Czech Republic was constructed using the reflectance of infrared light of
Landsat multispectral satellite scenes (with a spatial resolution of 30 x 30 m), retrieved in
August of the respective years (Kukrél, 2015). It was calculated by normalizing the ratio of
forest reflectance in the infrared bands of the SWIR (short wave infrared) and NIR (near-
infrared) spectra and is available at http://geoportal.uhul.cz/mapy/MapyZsl_Info.html
(accessed in November 2021). The reflectance of the forest sta= . the near infrared band of
NIR radiation contains information about the condition of ine ~ell assimilation apparatus. The
reflectance of the forest stand in the middle infrared b~na >f SWIR radiation contains
information about the water content in the assimilaticin anaratus. Note that the FII is most
reliable for trees older than 20 years and with ‘« uon< ity greater than 70% of the area covered
by canopy. In other cases, the raster cell .2ce.ves a value of 15, and represents any area not
covered by forest. The FIl data were av.oilable for the years 1984, 1986, 1987, 1991 — 2007,
2009 — 2017. Note also that the se*~lli:» derived information reflects canopy structure and

misses tree components in the . ndeigrowth.

2.5 Damage classificati.n

We identified the degree and type of forest disturbance in each lake catchment by the cFlI
(Schmidt et al., 2021). This catchment scale index was calculated from the FII by averaging
the weighted factors of forest damage in the catchment area and its linear normalization in the
range from 0 (no disturbance) to 1 (complete damage); for a more detailed explanation see Sl,
section B. The FII distinguishes between deciduous and coniferous trees for each forest

damage class. The only exception from distinguishing between damage classes for each tree

11



component is that “very strong damage” and “strong damage” are one class for the deciduous
trees, while they are two classes in coniferous trees. When clouds, fog or smog are detected,
the assessment is not performed (Kukrél, 2015) and this is indicated by grey pixels. No cFll

was calculated for those periods.

2.6 Forest components: deciduous versus healthy and disturbed coniferous trees

If the recovery from a disturbance results in the faster growth ~f deciduous than coniferous
trees, and thus deciduous trees dominate the canopy, the c7.cci.ment scale cFIl will show a
decrease in disturbance. However, this changed tree crmp2nent will have other impacts on
catchment outflows than just the tree coverage of the s0i. alone (compare Hrkal et al., 2014).
Therefore, in addition to the catchment scale c™~1., hzre, we also related hydrochemical
conditions to the ratios of deciduous ver. s F.ealthy or damaged coniferous trees. The sum of
the proportions of deciduous and healtr, - or damaged coniferous trees plus no forest stands in

all raster cells of a catchment is 1 ~s .~ ‘ne sum of the proportions of the FII classes.

The reclassification of the da,~=ge classes from the original FIl index is given in Table B.2.
The two strongest Fif a.mage classes for coniferous trees were combined into one class
“damaged coniferous”, as it was considered that trees in these two classes would not recover.
The remaining coniferous classes were combined into the class “healthy coniferous”,
comprising healthy and slightly damaged coniferous tree-dominated raster cells (Table B.2).
These two classes were contrasted with the proportion of deciduous trees — a subdivision of
deciduous trees was not considered useful, as the proportions of deciduous trees were small,
and they are not generally affected by the bark beetle, which was the major influence in the

catchments. Note that treeless parts of a catchment are usually covered by understorey

12



vegetation (grass, fern, and blueberry) and successfully regenerating trees which are not
captured by the FII. The “no trees” category might therefore also be called “poorly

regenerating forest”.

2.7 Statistical analyses

Forest disturbance and composition

The relative proportion of deciduous, damaged coniferous, anr “ea.*hy coniferous-dominated
raster cells were calculated for each year and Generalized auitive Models (GAMSs) were run
in dependence on time. Developments of chemical charac.~ristics in the outflow over time
were not expected to be linear, because disturbances ve. time were not linear. Therefore,
methods such as the Mann Kendall index are rou *nzropriate in this case. We used nonlinear
GAM s instead, to narrow down which d: “turyance acted during which period in which lake

catchment and how it affected catchme..* outflow water quality characteristics.

Water quality variables in the ,~ar uf disturbance versus meteorological events or forest
characteristics and their cha, .27s

We tested the effects 01 *he catchment-scale disturbance index (cFll), the catchment-scale
proportions of deciduous tree-dominated and healthy or damaged coniferous tree-dominated
raster cells, mean annual temperature, annual precipitation amount and water flow on annual
mean concentrations of individual water chemical properties in the four lake outflows. We
expected that weather may have linear or nonlinear immediate effects, depending on the
catchment and the chemical / physical variable. We therefore used parametric linear models
and nonlinear GAMs, analogous to the approach by Xu et al. (2020). The GAMs allowed the

inclusion of a non-parametric smoother in parallel to the parametric models. The predictors

13



were fitted as smoothed terms. The p values of the linear models were Benjamini-Yekutieli-
corrected for multiple testing (Benjamini and Yekutieli, 2001), which is a less severe
correction than the one according to Bonferroni (Legendre & Legendre, 2012). Since after
this multiple testing correction none of the nonlinear models were significant anymore, we
used only linear relationships for testing relationships between forest disturbances after up to

10 years of delay (see next section).

Water quality variables in the years following disturbances, w**" a ime delay of up to 10
years

A previous study had shown that not only the strength huy ~Iso the direction of relationships
of some variables (e.g., DOC or NO3) responding to for <t damage can change when tested
along a series of annual delays (Schmidt et al., 2C21). Instead of using a time delay as a
nonlinear predictor, we tested such respc "se’, to forest change in the four catchments
individually for a suite of delays of up .= 10 years in individual linear models. While this
increased the number of models, e~<h irdividual model was thus kept simple and easily
interpretable. We extended the rrevious study (Schmidt et al., 2021) by not only using the
damage index cFll as a prech o, for water quality, but also by including the catchment-scale
proportions of deciduou: tree-dominated and healthy or damaged coniferous tree-dominated
raster cells. The tested water quality properties were the same as in the linear and nonlinear
test of meteorological and hydrological variables versus indicators of forest disturbance.
However, since the effects of meteorological and hydrological variables are rather short-
lived, we did not include them in the tests on delays. All data analyses, except where

indicated, were performed in R v. 4.1.0 (R Core Team, 2021).

3 Results

14



3.1 The development of forest canopy composition and health

The proportion of raster cells dominated by healthy coniferous trees decreased, while the
proportion of deciduous and damaged coniferous trees increased in three out of four
catchments (Prasilské, Plesné, Laka) during the study period (Figure 1; Table 1; SI Figures
C.1to C.4). In the Prasilské catchment, raster cells dominated by deciduous trees increased
significantly (Table 1) and reached ca. 20% in 2015 (Figure 1° €. \"*gure C.4). The
catchment-scale cFII index showed a nonlinear trend for tt.e r -asilské catchment, which has
been impacted since the 1980s. The coniferous trees ir the Plesné catchment were affected by
a bark beetle attack from 2004 until 2010, with a pea': 0. disturbance in 2008 and a
significant increase in damaged coniferous tre.:s ( T2ule 1). The recovery phase of conifers
began after 2008 and lasted until the enc f t.iis study (2017), with a gradual increase in the
proportion of deciduous trees taking pla~e from 2010 onwards (Figure 1). The Laka
catchment was severely disturbed 0 2777, since then, the proportion of raster cells dominated
by healthy coniferous trees anu the 1iumber of raster cells classified as damaged coniferous
trees increased significant!v \~iyure 1, Table 1). Forest disturbances in the lake catchments
ranged in intensities in .~e 1ollowing sequence from not (or negligibly) disturbed to strongly

disturbed: Certovo < Prasilské < Plesné < Laka (SI Table C.1).
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generalized additive model anc co.*fidence interval, respectively. CT = Certovo, PR =
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Table 1: Significant generalized additive model (GAM) parameters for the nonlinear trends
shown in Figure 1. CT = Certovo, PL = Plesné, LA = Laka, PR = Prdsilské catchments.
Healthy conif. = proportion of healthy coniferous-dominated raster cells, damaged conif. =
proportion of damaged coniferous-dominated raster cells, deciduous = proportion of
deciduous-dominated raster cells. S value: smoothing term; F = ANOVA test statistic; p =
probability level. The stars indicate the statistical significance levels: *, p = 0.05; **, p =

0.01; and ***, p = 0.001.

Site Component S value F p

PR Deciduous 106.38 5.16 0.013 *
PL Damaged conif. 41.80 19.2¢ 0.000 ***
LA Healthy conif. -26.04 7..9 0.003 **
LA Damaged conif. 28.51 3.77 0.034 *

3.2 Temporal trends in water quality and climétic v2.iables

Air temperature gradually increased in o'l four catchments (Figure 2). The composition of
lake outflows from the four catchrmen.< Jiffered in absolute values, ranges, and temporal
trends for most variables (Figu:= 2). Concentrations of SO,* decreased in all catchments,
while H" decreased in all raw hrients but Laka. All three disturbed catchments showed peaks
in concentrations of K , '\/Igh'r, and NO3 around 2010. TP was low in the Certovo and the
Laka and Prasilské catchments. In these catchments, no models involving concentrations of
TP were significant (see also below, and Sl, Table D.1). The TP concentrations were highest

in the Plesné catchment, and increased after the bark beetle infestation (Figure 2).
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Figure 2: Changes in water chemical characteristics, climatic and hydrological
characteristics, cF1l index and proportions of forest types over time (black dots). GAM
smoothening was used to fit the trends, depicted as blue lines with grey confidence intervals.
“Proportion deciduous ” = proportion of deciduous-tree-dominated raster cells; “Proportion
healthy conif.” = proportion of healthy-coniferous-tree-dominated raster cells; “Proportion
damaged conif.” = proportion of damaged-tree-dominated raster cells; “Proportion no

trees” = proportion of raster cells without trees older than 20 years. TP = total phosphorus;
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lake catchments: CT = Certovo, PR = Prasilské, PL = Plesné, LA = Laka. The complete

version including non-significant observations see in the SI, Figure D.1.

3.3 Relationship between water quality versus hydrological, meteorological, and forest

characteristics

There was only one significant model using meteorological (precipitation and temperature) or
hydrological data (an increasing temperature correlating with i=~recsing alkalinity in the
outflow from Plesné; S, Table D.1). Models with forest ct.arcteristics as the independent

variable were only significant for the Plesné and Laka ~aw."ment (Table 2; SI, Table D.1).

Table 2. Partial results of generaliz>d additive models (GAMs) of the effects of the
disturbance index (cFll), the proportiu. of treeless raster cells (nt), the proportion of raster
cells with deciduous forest (e), ~~d *k2 proportion of raster cells with healthy coniferous
trees (hc) on water quality cha. acteristics. Only GAMs scoring significant are presented. The

full table is given in SI, Tahie P.1.

NO; TP K Ca” Mg” SO,
PL cFll | *, * *J *N
nt *7 7
e
LA cFll | =*, VY4 */ *N
nt i 27 il *N
hc | *\ 2 L T VP
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With the cF1l variable, concentrations of NOs~ and K* increased, while SO4* decreased in the
Plesné and Laka catchments, Mg®* and Ca”* increased in Laka, and TP increased in Ple§né
(Table 2; SI, Table D.1). There was a positive correlation between the proportion of treeless
raster cells with outflow properties (TP and K* in the Plesné catchment and NOs -, K*, Mg?*
and Ca”" in the Laka catchment). In the Plesné catchment, an increasing proportion of
deciduous tree-dominated raster cells correlated positively with alkalinity and DOC (SI,
Table D.1). In the Laka catchment, the proportion of raster cells dominated by healthy
coniferous trees was negatively correlated with NOs, K¥, Mg, an.d Ca?*, but positively with

SO4* (Table 2; SI, Table D.1).

3.4 Delayed responses of water quality after forest distui~ances

Water chemical properties correlated wit» cF il and the proportions of raster cells dominated
by tree components after time delays o1 *'o to 10 years in Plesné, Laka and Prasilské
catchments (Table D.2). In the La'a c>t.hment, SO,* correlated negatively with cFIl within
two years. In the Plesné catchr.:»nt, DOC increased with increasing cFIl with a 7- to 10-year
delay, while the delay was ni."\/ 6 years in the Laka catchment. In the Plesné catchment, TP
increased with increasn.> cr11 with a delay of 2 to 7 years, with an increasing proportion of
treeless raster cells with a 2- or 3-year delay, with the proportion of deciduous trees after a 5-
to 10-year delay, and with the proportion of healthy coniferous trees with a 3- to 10-year

delay.

In the Prasilské catchment, SO,* concentrations responded negatively to increasing cFIl and
to the proportion of treeless raster cells after 7 and 8 years, and DOC increased with the

proportion of deciduous tree-dominated raster cells after 8 and 10 years. Models of cFIl and
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water quality were significant 38 times and models based on the proportion of deciduous

trees were significant in only 12 cases. For more details see Sl, Part D, Table D.2

4 Discussion

Changes in the proportions of forest components and health had immediate as well as delayed
effects on water composition in affected catchments. This was true not only for the Plesné
catchment, as shown previously (Kana et al., 2013; Kopacek e* ~1., 2017; Schmidt et al.,
2021), but also for the two other disturbed Prasilské and L «ka ~atchments. This finding is in
concordance with results found in other catchments wrrlu.vide, e.g., in Canada (Hicke et al.,
2012), Japan (Tokuchi et al., 2004), Central Europe (5ei! et al., 2014), and the USA (Aber et

al., 1997, De Rose et al., 2007; Griffin et al., 291 - "Mikkelson et al., 2013).

In this study, we used chemical compos:tion of lake outflows instead of inlets that would
otherwise more straightforwardly »~fl. ~~ changes in vegetation cover. The different water
residence times of lakes thus a. “ferently affected in-lake removal of some water constituents,
especially NO3, H*, TP, PGS and Al (e.g., Kopadek et al., 2019). Their concentration
changes were thus less .vonounced in outflows than inlets, but their trends remained identical
(Kopacek et al., 2016; 2017). Moreover, the study lakes have 3—7 inlets and their sub-
catchments are in some cases too small for using remote sensing data based on the Landsat
sensor (30 m resolution) with a reasonable accuracy. The composition of lake outlets reflects
and integrates changes in whole catchments, thus providing the simplest way of long-term

monitoring of temporal changes in small catchment-lake systems.
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The forest disturbance index cFIl and other satellite data-derived variables for forest
composition and health explained more variation in the catchment outflow composition in the
same year than hydrological and meteorological characteristics. Therefore, our hypothesis
that meteorological and hydrological properties would better predict the chemical properties
of the same year was rejected. This contrasts with several previous results where hydrological
and meteorological patterns were in good agreement with water chemical characteristics (e.qg.,
Freeman et al., 2001; Temnerud & Weyhenmeyer, 2008). In our study area, the influence
from forest disturbances was more severe during the period sti*2ieu than the meteorological

and hydrological influences.

Forest composition and forest health as predictors ir ge. eral

The proportions and health of forest componer.ts »=yed important roles in the mid- to long-
term development of chemical propertiec in *ne three disturbed catchments. This confirms the
second hypothesis predicting influences of forest disturbances on water quality dynamics
being related to forest compositior (c.».ferous and deciduous tree components) and forest
health. In contrast, none of the 7ares. characteristics changed much over time in the
undisturbed Certovo catchme >, serving thus as an unaffected control for studies on ongoing

lake and catchment cha. nes.

The fact that the responses varied considerably among the disturbed Laka, Plesné, and
Prasilské catchments underlines that forest disturbances create complex patterns comprising
different growth structures and recovery stages, which cannot be simply used as a proxy for
changes in landscape patterns. Instead, environmental constraints that interact with forest
disturbances must be considered (Gundersen et al., 1998; Huber et al., 2004; Kallenbach et

al., 2018; Rosenvald and Rosenvald, 2017). In addition, catchment-specific responses to
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forest disturbances limit a simple extrapolation of results from one site to another. One reason
is that changes in water composition following forest disturbances depend on site-specific,
small-scale hydrogeological patterns, mediated by soil. Unlike meteorological influences that
tend to vary at the hectare scale or above, and can therefore be extrapolated easier than soil
processes, small-scale soil processes are not transferrable across areas (Hrkal et al., 2014),
varying even at centimetre and lower scales (Franklin and Mills, 2009; Pagel et al., 2014;

Schmidt et al., 2017).

The catchment outflow responses to forest disturbances ve.1eu tor individual chemical
variables, for disturbance types, and with different del=\/s. This indicates that catchment-
specific conditions in the three disturbed lake catchm2nw. shaped the response more than the
strength of the disturbance, and we thus reject ou. hypothesis that the dynamics of water
quality properties would respond with th.* sa'ne delay to forest disturbances in all catchments

from the same mountain range.

Comparison the Laka and Ples. 4 catchments

In many ways, the PleSné ~nu T aka catchments were quite similar in the development of the
chemical properties of v a1 outflow, as they suffered from the bark beetle infestation and vast
tree dieback in a similar way. The dieback started later in Laka though, and when looking
more closely, these two catchments differed in their detailed responses of physical and
chemical properties to tree dieback and recovery. Deciduous trees became established to a
different degree before they were outcompeted by recovering coniferous trees in the two
catchments. In the Plesné catchment, only the increase in damaged coniferous trees was
significant, while in the Laka catchment, also the decrease in healthy coniferous trees was

significant. The catchments differed in chemical characteristics of outflows due to different
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responses to atmospheric acidification. The entire Sumava region received similarly high
levels of acidic deposition, increasing until the late 1980s, and then sharply decreasing
(Kopacek et al., 2017). Local conditions, such as soil depth and composition and also
catchment steepness, however, predetermined how much SO4* and H* from the acidic
deposition was retained in soils and for how long. In this context, concentrations of SO,* and
H* decreased in the Plesné catchment since the early 1990s, consistent with the general trend
of recovering waters in Europe (Stoddard et al., 1999). In contrast, SO,* and H*
concentrations were lowest in the Laka outflow already in the ~2rly 1990s (Vesely et al.,
1998), and the following changes during the recovery from. au "ospheric acidification were
less pronounced than in the other disturbed catchmente (-, 2ure 2; Figure D.1). One possible
explanation for this difference in SO,  and H* concentr.*ions between the Laka and Ple§né
catchments is the flatter topography of Laka citc. m:nt, and consequently, the deeper soils
that retained more deposited SO,* and I, "ve veen releasing it more slowly than the steeper
and soil-poorer Plesné catchment. The aka catchment might also have been better buffered
against atmospheric acidic deposit:nn “.e to subtle differences in the geological bedrock
quality, since granodiorite witi. 2 hiyh calcium concentration underlies parts of this catchment
(Vesely et al., 1998). The Inv.~r extent of soil acidification in the Laka catchment also most
likely resulted in lower Jibusite [Al(OH)3] dissolution. Consequently, the concentrations of
exchangeable Al; ions on the soil exchangeable complex were probably lower, while those of
base cations were higher in the Laka than Plesné soils during the peak of acidic deposition
(Figure 2). This resulted in a lower proportion of base cations liberated from decomposing
dead biomass after tree dieback being retained in the Laka soils and releasing less Al; to the
receiving waters. In contrast, in the Plesné catchment with low soil base saturation, the K*,
Ca®*, Mg®*, and NH," liberated from the decaying biomass replaced more H* and Al; from

the soil sorption complex and increased their in-lake concentrations (Kana et al., 2015, 2019),
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and were themselves released to receiving waters only with a delay. The more pronounced,
and slightly slower, cation exchange processes in the Plesné soils thus temporarily delayed
the ongoing recovery from atmospheric deposition more in the Plesné than the Laka

catchment.

The DOC concentrations started to increase significantly with increasing cFll in the Plesné
outflow 7 years after tree dieback and this increase was significant also after 8 to 10 years
(Kopacek et al., 2018), while in the Laka catchment, the signif:>an. increase occurred only
after 6 years. The delay of DOC leaching from soils in the a 2 catchment was thus not as
long as in the Plesné catchment. pH was higher in the ! ako than Plesné outflow (Figure 2),
and possibly Laka soil water had higher pH than soil wa.~r in the Plesné catchment. This
might have led to lower DOC immobilization 'n .~ caka soils during the period of
atmospheric acidification. While there w s @ peak in DOC concentrations 6 years after the
tree dieback in the Laka catchment, the.~ DOC values were not much higher than in other
years, and declined steadily after ta .~<K. In contrast, the rise in DOC concentrations
continues in the Plesné catchmnt. 1he Laka catchment was the only one that had decreasing
DOC concentrations in the ou*fow after 2015. We assume that the proportion of treeless
areas, which was corisiu~rauly higher in the Laka than in Plesné catchment, could have
contributed to this difference because undergrowth of herbs and shrubs took place in treeless
areas (Mat¢jka, 2015). Such a change usually results in wetter and warmer soils (Kana et al.,
2019, Kopacek et al., 2020, Moreno-Fernandez et al., 2021). Increased surface temperatures
might have led to higher mineralization of biomass to CO,, and therefore less carbon was

probably released in the form of DOC from the Laka catchment.

Forest disturbances — few general patterns
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In this study, the herbaceous biomass can be assumed to have been highest where the satellite
data characterized raster cells as treeless. However, the proportion of treeless raster cells was
the independent variable in only 12 significant models with water quality as the dependent
variable, versus 38 models based on cFIl. The reason for this may be that herbaceous plants
influence soil chemical properties only marginally (Stefanowicz et al., 2021). Where areas
become treeless because of clear-cutting, the effect on outflow characteristics is higher, as
shown by Prescott et al. (2000). These authors observed that litter on the soil dries out due to
the suddenly missing canopy and lack of undergrowth, and der~ac:ion of organic matter
slows down. But slow tree death in an unmanaged area le2us .~ the undergrowth changing

accordingly, and effects on catchment outflows take a 'any=r time.

One general observation for the catchment out?lc * ~naracteristics of the three disturbed
catchments was an overall rise in DOC. {ov ever, this rise took different shapes in the four
catchments. Other than that, there were ~ardly any features common to all four catchments
investigated here. The proportion ~f a>riaged coniferous trees was the predicting variable in
only 16 significant linear mode ‘s, wiich (with one exception for a Prasilské model) involved
only the Plesné catchment (.~ reason for the different behaviour might lie in the different
geological structure anu <on composition. Many of the significant models in Plesné involved
TP. The Ple$né granite contains more phosphorus than other granites (Fryda & Breiter, 1995),
and this phosphorus is released through exchange with water more than from the phosphorus-

poor mica schist and gneiss in the other catchments (Kana & Kopacek, 2006).

Protecting catchments for drinking water production
We can estimate effects for downstream stake holders and make recommendations to forest

managers in the support of sustainable water budget management. This management needs to
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take soil and catchment outflow pH and alkalinity into account when planning and managing
restoration. Drinking water treatment plants can expect a peak in DOC with a 6 to 10 year
delay, depending on the soil water pH in the catchments. This delay may not only be
quantitative, however, because the DOC properties change in warmer and nitrogen-richer
soils (van den Enden et al., 2021). This may have further effects for downstream drinking
water treatment technologies, which increasingly must deal with the brownification of raw
water (Monteith et al., 2007). Where soils remain moist, which is usually the case when any
type of undergrowth occurs, be it herbaceous or temporary deciduo's tree cover, organic
matter may be degraded microbially in situ, before being f'usi.=d out. Soil wetness is thus a
crucial factor for DOC loads from catchments. Further iny ~stigations are needed to ascertain

best practices under different soil and climate conditions.

5 Conclusion

We demonstrate that satellite-deri*-=d “~.ca may be used to indirectly predict changes in water
chemical exports from mounta. » forest catchments. Importantly, the index and proportions of
forest component but also trec Fealth status provide better predictions than air temperature,
precipitation amount, ai." 1ake outflow. The advantage of similar data based on remote
sensing is their applicability even without detail information on tree components and health

gathered directly in the field.

While hydrogeological conditions are similar in many areas of the Sumava Mountains located
at similar elevation, we show that some catchments may differ in water quality dynamics due
to the different geological background, terrain steepness and soil properties. This study shows

that disturbances such as forest dieback due to insect infestation do not necessarily lead to
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identical effects on water composition in different lake catchments. Hence, it is not possible
to simply extrapolate our experience from one affected catchment to another. The exact
reasons for the differences, such as soil and microbial processes, should be subject to further

investigations.
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Highlights

- Forest damage by insects affects lake water quality via soil processes indirectly.
- Water chemical response to damage reflected forest succession.
- Water chemical response to damage depended on site-specific characteristics.

- The delay of damage response was site- and variable-specific.
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