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Abstract: Hardwood floodplain (HF) forests can store a considerable amount of carbon (C), and flood-
plains may be good candidates for reforestation to provide natural C sinks. In this study, we use
nondestructive inventory methods to estimate the C stocks of different tree species and C pools
within HF forests of varying age and structure and located at sites differing in hydrological conditions
(low and high active floodplain, seepage water zone, tributaries). The study was carried out along
the Elbe river (Germany). Average C stocks for young plantations in the active floodplain were
significantly lower (50.2 ± 10.8 SE Mg ha−1) than those of old dense (140.6 ± 11.6 SE Mg ha−1) and
old sparse forests (180.4 ± 26.6 SE Mg ha−1) with comparable hydrological conditions. C stocks of
old dense forests did not significantly vary from old sparse forests. Additionally, C stocks of old
forests did not significantly vary according to hydrological conditions. The highest amount of C
was stored in Quercus robur for all hydrological conditions. Ulmus laevis stored the second-highest
amount of C on the active floodplain. We conclude that sparse and dense forests as well as forests
under different hydrological conditions provide the same C storage function.

Keywords: carbon stocks; hardwood floodplain forest; hydrological conditions; floodplain ecology

1. Introduction

Hardwood floodplain (HF) forests can store a considerable amount of carbon (C) in
woody biomass and provide many ecological services such as climate regulation through
long-term C storage [1–3]. Globally, HF forests have declined substantially during the last
centuries, and in Germany, natural HF forests have been reduced to less than 1% of the
active floodplain area [4–6]. The destruction of European HF forests began in the Middle
Ages and continued with the expansion of agricultural land and the construction of dikes [7].
Only 10–20% of the former floodplains of the major river catchments in Germany are left,
and these active floodplain areas are dominated by managed grasslands [5,6]. HF forests
also grow on the seepage water zone behind the dike and on tributary floodplains, but they
have different hydrological site conditions which may influence their function. Many of
today’s remnants of HF forests are patchy and sparse, and dense HF forests with successful
natural regeneration are rare.

Land management which increases the C storage of ecosystems is known to be a natu-
ral climate solution, and reforestation has garnered global attention as a climate change
mitigation measure [8]. Global and regional initiatives such as the Bonn Challenge and
ECCA30 have set targets to restore millions of hectares of degraded and deforested lands
by 2030 [9]. To meet these targets, suitable locations for reforestation must be identified.
Highly productive floodplains are good candidates for reforestation [3], where other ecosys-
tem services such as habitat provisioning to increase biodiversity and flood risk reduction
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of agricultural lands could also be maximized by reforestation [10]. Many studies have
identified positive effects of floodplain vegetation on flood risk reduction, concluding that
floodplain vegetation reduces flood risks by increasing hydraulic resistance, reducing flow
velocity, and reducing peak magnitude at the catchment outflow [11–13]. However, vegeta-
tion with high roughness can also potentially increase flood risks in upstream areas, and to
what degree the roughness of vegetation affects flooding in different locations is still under
debate [13]. Flow resistance may be influenced by forest age and density [14,15], and the
ecosystem services and functions (i.e., C storage) of different forest ages and structures
must therefore be quantified and assessed in parallel with other ecosystem services such
as flood risk reduction to determine suitable floodplain management advice [16]. Refor-
estation of HF forests is also possible on the seepage water zone behind dikes and on the
tributary floodplains, but it is not well known whether the C storage function of these
forests with different hydrological conditions is equal to the active floodplain of the main
river channel.

The few available studies on C stocks in HF forests report a wide range of C stocks
of the standing biomass (7.5–281 Mg ha−1) [2]. On the Danube floodplain in Austria,
C stock in aboveground biomass of HF forests is highest (281 ± 59 Mg ha−1) compared
to softwood (163 ± 26 Mg ha−1), cottonwood (199 ± 29 Mg ha−1), and reforestations
(35 ± 17 Mg ha−1) [17]. Interestingly, in another study for the same area of the Danube
floodplain, much lower aboveground C stocks (123 ± 26 Mg ha−1) were reported for
mixed hardwood and softwood riparian forests [18]. While differences between inventory
methods may have contributed to the wide range of C stock estimates, other site-specific
conditions such as forest age and structure as well as hydrological and other abiotic
conditions and species composition could also play a role here.

Stand structure and forest age affects the growth and yield of trees [19] and the
C storage function of forests [20]. Management of forest stands, i.e., timber extraction,
understory livestock grazing, and the clearance of deadwood and thinning of trees to
enhance the growth and dimensions of a few harvestable trees, is a long-standing practice
in Europe [21–23]. In Germany, timber extraction occurs in a majority of floodplain forests,
and only a few near-natural stands remain [24]. The few remaining patches of dense
forests which are multilayered and exhibit a well-developed shrub layer and overstory are
contrasted with sparse forests which lack a well-developed shrub layer. Sparse and dense
forests most likely represent differences in former and current management. Both sparse
and dense forest are present on the active floodplain, but it is not known how C stocks
differ according to these forest structures.

Trees in HF forests must withstand large hydrological fluctuations resulting in hypoxic
or anoxic soils during flooding events and drought in dry periods. Annual flooding dura-
tion of HF forests on the active floodplain is related to elevation, with relatively low-lying
HF forests subject to longer periods of hypoxia and those at higher elevations more prone to
drought. Soil texture affects the water holding capacity and plant available water of the soil,
with loamy soil able to hold more water than sandy soil during dry periods [25]. In low-
land floodplains, soils are commonly loamy in low-elevated and sandy in high-elevated
sites [26], where plant available water may therefore be additionally reduced during dry
periods. HF forests are typically dominated by Fraxinus, Ulmus, and Quercus taxa [27].
Quercus robur and Ulmus laevis are two characteristic tree species for European HF forests
which are adapted to cope with flooding and reduced soil oxygen availability through the
development of adventitious roots and hypertrophied lenticels [28,29]. Additionally, the
capacity to regulate stomatal conductance and long tap roots allow Q. robur to survive
moderate drought stress. However, Q. robur is also prone to hydraulic failure due to
vessel cavitation resulting in increased mortality under prolonged drought conditions [30].
U. laevis thrives in damp soils and is highly vulnerable to vessel cavitation and mortality as
a result of drought stress [30,31]. It is not well known how much these adaptations affect
the growth of trees in different hydrological conditions, and how this in turn influences C
stocks of HF forests on the active floodplain, the seepage water zone and tributaries.
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In this study, we aim to answer (a) how C storage of HF forests develops with age,
(b) whether sparse forests fulfill the same C storage function as dense forests, (c) how C
storage of HF forests differs between typical hydrological conditions and (d) how C storage
differs by taxon under different hydrological conditions.

2. Materials and Methods
2.1. Study Area and Forest Types

The study area is a part of the UNESCO Biosphere Reserve River Landscape Elbe
and spans approximately 100 km along the lower Middle Elbe river within the German
states Saxony-Anhalt, Brandenburg, and Lower Saxony (Figure 1). The study area is
located within the central European temperate climate region. The Lenzen weather station
(53.08◦ N, 11.48◦ E) records a mean annual precipitation of 615 mm and a mean annual
temperature of 9.3 ◦C for 1981–2010 [32]. Characteristic soils of the Elbe floodplain include
Gleysols, Fluvisols, and Cambisols [26].
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Figure 1. Map of the study area along the Middle Elbe river, Germany. The red box outlines the area which spans
approximately 100 km along the Elbe river and the green dots represent the locations of each 2500 km2 plot in the different
studied forest types.

The UNESCO Biosphere Reserve River Landscape Elbe is used as a model system for
anthropogenically altered European floodplains. With a history of diking, deforestation and
agriculture on the active floodplain, todays’ HF forests represent only small remnants of the
former contiguous ecosystem type. On the active floodplain confined by dikes, HF forests
are more frequently flooded on the lower sites and less frequently flooded on the higher
sites. Flooding events mainly occur on the active floodplain [33] after snow melt during
winter and spring and after intense rain events during summer. The duration of flooding
is related to elevation on the active floodplain.

Typical species in HF forests, also referred to as mixed riparian forests (NATURA 2000
Code 91F0), include pedunculate oak (Quercus robur), European white, field, and wych
elm (Ulmus laevis, Ulmus minor, and Ulmus glabra), European hornbeam (Carpinus betula),
and European ash (Fraxinus excelsior). Typical understory vegetation includes Crataegus
monogyna, Sambucus nigra, and Cornus sanguinea.
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2.2. Study Sites and Sampling

This study investigates six different forest types (n = 5 per type). In total, 30 plots
(2500 m2 each) were studied. A sketch of the study design is shown in Figure 2 and site
characteristics for each forest type are presented in Table 1.

The effect of forest age and structure on the C storage of HF forests was studied for
15 plots located on the low active floodplain only. Here, five replicate plots of young
plantations, old sparse, and old dense HF forests were sampled. The five young plantations
are composed of woody species (mainly Q. robur and U. laevis) which were actively planted
on a mix of former grasslands and forests. Dense forests are characterized as multilayered
forests with a well-developed overstory and shrub layer, while sparse forests lack the
well-developed shrub layer. The age of the young plantations ranged from 18–27 years
while the old forests ranged from 80–200 years.

HF forests are found behind the dikes in the seepage water zone of the fossil floodplain
and at floodplains of the tributaries. In this study, the possible effects of hydrological
conditions on C storage of old dense HF forests were analyzed by sampling five replicate
plots of these four forest types (low active floodplain, high active floodplain, seepage water
zone, tributary; Figure 2). Hydrological conditions for high and low plots on the active
floodplain were selected based on the average number of days the sites were flooded per
year: a categorical mean of 0–5 days of flooding for high plots and greater than five days of
flooding for the low plots. Flooding duration was estimated using a 35 year mean from
1990–2016 with a 1-dimensional model that integrates data from various databases [34].
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Figure 2. Study design showing old dense HF forests with different hydrological conditions (high active floodplain,
low active floodplain, seepage water zone, and tributary) and HF forests with different ages and structure (young plantation,
old sparse, and old dense) on the low active floodplain. Softwood floodplain forests and other land cover and ecosystem
types are not represented in this sketch.
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Table 1. Characteristics of each studied forest type showing minimum (min), maximum (max), and mean values with
standard deviation (SD). Each forest type has a sample size of five replicate plots. DBH = diameter at breast height.
x indicates a lack of data related to the spatial limitations of the flooding duration model.

Low Active
Floodplain, Young

Low Active
Floodplain, Old

Dense

Low Active
Floodplain, Old

Sparse

High Active
Floodplain

Seepage Water
Zone Tributary

Min
Max

Mean
± SD

Min
Max

Mean
± SD

Min
Max

Mean
± SD

Min
Max

Mean
± SD

Min
Max

Mean
± SD

Min
Max

Mean
± SD

Forest
age

(years)

18
27 23 ± 4 104

200
141 ±

36
129
167

144 ±
14

108
186

134 ±
33

81
185

128 ±
39

82
170

130 ±
37

Basal
area
(m2

ha−1)

12
30 22 ± 7 26

36 32 ± 4 29
52 38 ± 10 27

45 36 ± 8 29
43 35 ± 6 27

44 36 ± 7

Tree
count
(trees
ha−1)

728
1576

1245 ±
346

181
496

291 ±
121

75
160

123 ±
40

192
325

248 ±
55

235
464

357 ±
100

331
763

531 ±
186

Mean
tree

height
(m)

8
14 11 ± 3 11

20 15 ± 3 13
26 22 ± 5 13

21 16 ± 4 12
26 18 ± 6 14

20 17 ± 3

Mean
tree

DBH
(cm)

11
16 14 ± 2 20

39 32 ± 7 43
85 60 ± 16 29

39 36 ± 5 20
45 31 ± 11 20

30 25 ± 4

Tree
species

rich-
ness

1
5 3 ± 2 2

3 2 ± 1 1
3 2 ± 1 2

5 3 ± 1 3
8 5 ± 2 3

10 5 ± 3

Flooding
dura-
tion

(days
year−1)

6
86 34 ± 28 11

59 36 ± 18 9
33 22 ± 9 0

9 4 ± 3 x x x x

2.3. Carbon Stock Estimations

Individual C stocks of trees, shrubs, deadwood, and litter were analyzed in the winter
months between January and April of 2018 and 2019. The total C stocks per plot were
estimated by averaging the summed values for large trees, shrubs, standing dead trees,
downed woody debris, and leaf litter. These values were then scaled to Mg ha−1.

2.3.1. Trees

For quantifying C stocks of trees, four 625 m2 square nested plots (quadrants) were
delineated within each of the 30 plots. Within three quadrants for old forests and two
quadrants for young plantations, the diameter at breast height (DBH; 1.3 m above ground
level) of all trees ≥ 5 cm was measured using a standard diameter tape. Within the same
quadrants, the height (H) of all trees with a DBH ≥ 5 cm were measured with a Vertex
Laser Geo (Haglöf, Sweden). The species identity of each measured tree was recorded.

Based on the measured variables H and DBH, individual tree stem volumes were
calculated with species-specific allometric equations (Table A1 in Appendix A) [35]. Above-
ground tree biomass was calculated by multiplying estimated tree stem volume by species-
specific average wood density (Table A2 in Appendix A) taken from the Global Wood
Density Database [36]. Finally, a C content (CC) fraction of 0.47 was applied to estimate
aboveground tree C stock [37]. To estimate the C stocks of tree roots, a root: shoot ratio of
0.3 was applied to the aboveground tree C stock [38].
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2.3.2. Shrubs

All shrubs with a DBH ≥ 5 cm were inventoried using the line intersect transect
method. Each quadrant chosen for the tree inventory was transected diagonally, and the
DBH and H of any shrub crossing 1 m from each side of the transect was measured.
The allometric volume equation, biomass factor and C factor for Corylus (Table A1) was
used for all shrubs and the values were scaled to Mg ha−1. The roots of the shrubs were
estimated using a root: shoot factor of 0.4 [37].

2.3.3. Deadwood

The C stock of deadwood was measured following the methodologies and density
reduction factors proposed by the United Nations to measure C stocks [37]. Two deadwood
pools were measured: large standing dead trees (SDT) and downed woody debris (DWD).

To measure SDT’s, the same allometric equations were used as for the estimates of C
stocks of large trees, which were then multiplied by density reduction factors depending
on the state of decay (sound = 1; intermediate = 0.8; rotten = 0.45). Unlike in the United
Nations guidelines [37], if a tree was leaning or newly fallen and lay completely within the
study plot, it was included in the SDT pool. The roots of SDTs were measured the same as
the live trees, with a root: shoot ratio of 0.3.

Lying downed woody debris (DWD) was measured using transect lines diagonally
crossing three quadrants for every plot (with a total length of 106 m per plot). All deadwood
with a diameter ≥ 5 cm crossing the transect lines were measured horizontally and vertically
at the point of intersect and the state of decay was recorded. Trees already accounted
for in the SDT pool were omitted. Equation (1) was used to estimate the volume of
DWD [39]. DWD volume estimates were then multiplied by 0.5 to obtain DWD biomass,
density reduction factors depending on the state of decay, and finally by 0.5 to estimate
C content.

X̂j =
π2

8Lj

N

∑
i=1

(
d1i + d2i

2

)2
(1)

Equation (1) measures the volume of DWD (X̂) in m3 ha−1 for the individual sample
plots (j). Lj is the horizontal length of the transect lines, while d1i and d2i are the horizontal
and vertical diameter measurements (in cm) of individual pieces of dead wood intersected
along the transect.

2.3.4. Litter

The winter stock of leaf litter was estimated from February to March in 2019. The litter
was measured in winter, because the plots are mainly dominated by oak trees, which do
not abscise their leaves until late winter to early spring. Within each of the three studied
quadrants, a 1 m2 quadrat frame was randomly placed along the diagonal transect and
the dry weight of leaf litter was measured. Subsamples of fresh litter were brought to the
lab and air dried until constant weight. The dry: wet weight ratio was applied to the field
values, and the average quadrant values were taken as plot values. The biomass values
were multiplied by 0.37 to estimate C stock [37].

2.4. Forest Ages

Forest ages were estimated using annual tree ring measurements [40]. Tree cores
were taken from four dominant Q. robur trees per plot using a 5 mm Mora increment
borer. Singular relic trees with an outlying DBH from the other dominant trees from the
same plot were not sampled. The surface of each core was carefully scraped with a razor
blade to increase the visibility of the tree ring vessel structure. A microscope connected
to a LINTABTM 5 measuring table and the TSAP-WinTM software program (RINNTECH,
Heidelberg, Germany) were used to measure tree rings and establish tree ages. When the
pith was not present, concentric circles were used to estimate missing rings [41].
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2.5. Statistical Analyses

The C stock data were tested for normality by Shapiro-Wilk test (p > 0.05) and a visual
inspection of Q-Q plots, box plots, and histograms. Nonparametric independent-samples
Kruskall-Wallis Tests with pairwise comparisons were conducted to examine the differences
in C stock for each C pool according to forest age and structure and for the forests with
different hydrological conditions. Different curve estimation models with forest type as the
independent variable and total C stocks as the dependent variable were assessed for best
fit. Additionally, a univariate general linear model (GLM) was used to compare C stocks of
old, dense forests with different hydrological conditions. The dependent variable was C
stocks while the covariate was estimated forest age. Regression curve estimation models
were explored to evaluate the best fit relationship between forest age and C stock. All tests
were performed using SPSS version 26 (IBM Corp. 2019, Armonk, New York, NY, USA).

3. Results
3.1. Carbon Stocks Related to Forest Age and Structure

On the low active floodplain, the total C stock of young plantations was 50.2 ±
10.8 SE Mg ha−1 and thus significantly lower (H = 10.5, p = 0.005, df = 2) than that of old
sparse (180.4 ± 26.6 SE Mg ha−1) and of old dense forests (140.6 ± 11.6 SE Mg ha−1).
Pairwise comparisons found no significant difference between old sparse and old dense
forests. Young plantations had significantly less C stock in the tree pool than old dense or
sparse forests (H = 10.5, p = 0.005, df = 2). Young plantations also had significantly less
DWD than old dense forests (H = 7.4, p = 0.009, df = 1). No other significant differences
comparing C pools between different forest types on the low active floodplain were found.
Overall, the most C was stored in the tree C pool than in any other pool (Figure 3, Table A3),
and the SE of the tree pool was commonly larger than the stock estimated for other C pools.
A positive logarithmic relationship (r2 = 0.741, p < 0.001) was found between forest age
and C stock (Figure 4).
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Figure 3. Carbon stocks in Mg ha−1 of hardwood forests with different ages and structures on the
low active floodplain (mean ± SE, n = 5). Carbon pools include trees, shrubs, standing dead trees
(SDT), downed woody debris (DWD), and leaf litter.
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Figure 4. Carbon stocks in Mg ha−1 of young plantations, old dense, and old sparse hardwood forests
on the low active floodplain are plotted against estimated forest age in years. A logarithmic fit curve
with the output of the regression is included. Carbon stocks include trees, shrubs, standing dead
trees (SDT), downed woody debris (DWD), and leaf litter.

3.2. C Stocks of Old HF Forests under Different Hydrological Conditions

C stocks of old dense forests under different hydrological conditions ranged from
140.5 ± 11.6 (low active floodplain) to 163.5 ± 8.3 SE Mg ha−1 (high active floodplain)
(Figure 5, Table A4). Kruskall-Wallis tests revealed that there were no significant differences
between the total C stock or any other C pool of old dense forests with different hydrological
conditions. The GLM revealed that the covariate, forest age, was not significantly related
to C stock, F1,15 = 0.72, p > 0.05, r = 0.41. There was also no significant effect of hydrological
conditions on C stocks after controlling for forest age, F3, 26 = 0.54, p > 0.05, partial η2 = 0.10.
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3.3. C Stocks by Species

Q. robur stored more C than any other species in all hydrological conditions (Figure 6).
On the active floodplain, Ulmus spp. stored the second highest amount of C, whereas in
the seepage water zone and on tributary floodplains, Ulmus spp. were rare and C. betulus
stored the second highest amount of C.
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Prunus, Salix, Sorbus, and Tilia spp.

4. Discussion

C stocks positively developed with age, with young plantations storing less C than old
forests. This finding supports research in the floodplains of the Danube, where young refor-
estations also showed significantly lower C stocks than mature HF forests [17]. Many years
are required for young plantations to mature and provide the same ecosystem function
as old forests, but from the projected path of the logarithmic age curve, the increase in
C stock is greatest in the first fifty years, before the stock slowly begins to taper as the
forest matures. This implies that the annual rate at which the young plantations store
C, or the C sequestration rate, is larger than that of old forests. The age curve had one
major outlier, where the total estimated C stock was 282.4 Mg ha−1. This outlier forest
was characterized as sparse, had the highest live tree stock (193.7 Mg ha−1), and had the
highest proportion of U. laevis trees with large dimensions compared to other studied plots.
This forest also had a significantly higher deadwood stock (80.7 Mg ha−1) than any other
plot, with large fallen trees and SDTs left to naturally decompose. In most of the other
old forest plots, deadwood may have been removed either by management or flooding
disturbance. This rare outlier of a forest with ample deadwood suggests that the removal
of deadwood decreases the C storage function of HF forests. However, because this is one
outlier, more studies should be conducted specifically looking at the potential reduction in
C stocks as a consequence of deadwood removal on the floodplains.

On the low active floodplain, sparse forests stored equally as much C as dense forests.
While some studies find that thinning of floodplain forests can increase C stocks [42],
this study suggests that the overall C stock of naturally dense forests are equal to sparse
forests. If the only purpose of reforestation is to maximize C storage, then either forest
structure would be an appropriate land management target. However, suitable land
management decisions rely on the assessment of multiple ecosystem services [16] and must
consider potential risks and the preference of local stakeholders. For example, how the
different structures contribute to or alleviate flooding should also be quantified and used
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in the assessment to determine proper floodplain management. The potentially higher
roughness of dense forests may increase or decrease flood protection, depending on the
location along the river. While flood risk can be reduced downstream from a forest
with high roughness through the reduction of flow velocity and peak magnitude at the
catchment outflow [11–13], the flood risk upstream from the forest could be increased
by the backwater effect [13]. Suitable locations for reforestation of either dense or sparse
forests is therefore also dependent on the surrounding land use, and considerations should
be made to maximize the benefits of reforestation while minimizing potential risks.

The total C stocks and all C pools of old dense HF forests with different hydrological
conditions did not significantly differ between each other, which indicates that the C stor-
age function of the HF forests is equal. This finding supports the results of Rieger et al. [18],
who observed no significant difference between C stocks of HF forests on the active flood-
plain and HF forests behind dikes in the seepage water zone. Trees contributed the greatest
to the total C stock, and the equal C stocks implies that the trees are well adapted to the
different hydrological conditions. Although the dike severs the connection between the
forests on the seepage water zone from the flood pulse and the nutrients that come with
it [43], the trees still grow at a seemingly equal rate. To verify this, quantification of tree
growth at an annual scale is needed. Additional research is also needed to assess the
effects of climate change on tree vitality and productivity on different elevations of the
active floodplain, the seepage water zone, and tributaries. Climate change models project
increased temperatures, precipitation, and river discharge at the Elbe [44,45], with increas-
ing drought conditions in spring and summer and increased precipitation in autumn and
winter [46]. There is some evidence that increased flood frequency may reduce drought
effects on the active floodplain [47], but these benefits may not be as pronounced in the
seepage water zone behind dikes. If the flooding events occur in winter, drought conditions
under high spring and summer temperatures may lead to tree mortality, which will greatly
alter the distribution of C within pools, from C-fixing live trees to C-releasing dead trees.
The finding that the C storage function of old hardwood forests is nearly equal on the
low and high active floodplain, the seepage water zone, and tributaries reveals that all of
these sites are potentially suitable for reforestation considering the past climatic conditions,
but this may not be the case considering future climate change. Additionally, the other
ecosystem services must now be quantified for these forests and stakeholder preferences
taken into consideration to determine suitable land management decisions.

Our C stock estimates of 50.2 ± 10.8 SE Mg ha−1 for young plantations, 140.6 ±
11.6 SE Mg ha−1 for old dense forests, and 180.4 ± 26.6 SE Mg ha−1 for old sparse forests
are within the 7.5–281 Mg ha−1 range of previously reviewed HF forests [2] and are similar
to upland forests in Germany. Generally, the C storage in German forests is reported
to be 120–190 Mg ha−1, depending on age class and tree species [48]. Quercus petraea
forests in Northern Germany have an estimated C stock of 107.82 ± 7.27 Mg ha−1 in above-
ground live tree biomass and 9.35 ± 6.51 Mg ha−1 in deadwood [49]. We estimated a
C stock in aboveground tree biomass of 33 ± 17.9 SE Mg ha−1 for young plantations,
83.6 ± 15.1 SE Mg ha−1 for old dense forests, and 107.6 ± 25.5 SE Mg ha−1 for old sparse
forests. Our C stock estimate for aboveground trees not including roots in old sparse forests
is therefore almost identical to the estimate for naturally developed upland forests domi-
nated by Q. petraea. Our deadwood estimates for old sparse forests; however, are much
higher (26 ± 13.3 Mg ha−1 for SDTs with an additional 7.2 ± 3.3 Mg ha−1 for DWD).
In another study of different forest types in Germany, the average C stocks in aboveground
and belowground biomass, deadwood and soils are reported to be 224 Mg ha−1 [50]. It is
reported that 46% of C is stored in the aboveground and belowground biomass and 1%
of C is stored in deadwood, which would mean a C stock of 105 Mg ha−1 in trees and
deadwood. This estimate is one third less than in our studied HF forests. The tree pool
C stocks calculated in our study are lower than the estimated 281 ± 59 Mg ha−1 for HF
forests by the Danube river [17]. The large difference between C stocks estimated along
the Danube and those estimated here may be attributed to abiotic and climatic differences,
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management, forest structures such as number of tree stems, or methodological differ-
ences in estimating C stocks. The HF forests along the Danube had a mean tree count of
590 ± 80, while the old forests studied here had a mean tree count ranging from 123 ± 40 to
531 ± 186. However, tree count is not a good indicator for determining C stocks, as shown
by young plantations which have a much larger tree count than old forests, but a lower
overall C stock. Additionally, a major setback in making accurate comparisons between
studies reporting on C stocks of forests is the absence of a universally applied field in-
ventory and C calculation method. There are proposed guidelines, such as the UNFCCC
methods [37]; however, there are various national inventories [51] as well as research
papers [17,48–50,52,53], which use different field measurements and computational meth-
ods to estimate C stocks. Various allometric equations are available, and the choice of the
equations can greatly impact the estimated C stock values. Additionally, many old trees
such as oaks and elms become hollow as they mature, and the allometric equations do not
take into account this reduction in biomass [54], which may result in an over-estimation
of C stock. Although allometric equations provide a non-destructive way of measuring C
stocks, there can be large variations depending on the selected equations, which adds great
uncertainties to the estimated C distribution in different forest ecosystems worldwide [55].

Q. robur had a dominating presence in all hydrological conditions compared to other
taxa, which may be a consequence of the species’ drought and flood tolerance [28] or the
fact that forest managers in the past mainly preferred to plant and foster oaks for quality
timber harvesting and to provide animal fodder and tanning agents [56]. Today, plant-
ing campaigns that include a diversity of species are recommended to increase resilience
against biotic stressors and variability in abiotic conditions [57], as well as to enhance
productivity and C storage [58,59]. Monoculture planting campaigns should be avoided
to minimize pathogens and insect attacks [60]. This is especially true in the middle Elbe
region, where outbreaks of oak processionary moth (Thaumetopoea processionea) are espe-
cially prevalent in plantations with high oak densities. Therefore, although Q. robur is
a suitable tree species for reforestation under all hydrological conditions, other species
should be interspersed. Many elms (mainly U. laevis) were found on the active floodplain,
while very few elms were growing in the seepage water zone or along the tributaries.
Although the results may be interpreted in a way that the hydrological conditions of the
seepage water zone are not suitable for elms, the lack of elms behind the dike could also be
a consequence of management and the preference of foresters to foster oaks. Compared
to oaks and elms, very few ash trees (F. excelsior) were observed, except for one plot that
had mostly non-native green ash (F. pennsylvanica). Although ash dieback caused by the
fungus Hymenoscyphus fraxineus could be a reason for the low F. excelsior numbers [61],
ash is well adapted to thrive on floodplains but not able to resist this fungal infestation at
present, and therefore reforestation of ash may not be suitable. C. betulus was numerous in
the seepage water zone and tributaries, while the species’ presence on the active floodplain
was only apparent on the high elevated sites with lower annual flooding duration. This is
most likely a consequence of the lower flood tolerance of C. betulus, which is not listed as
typical species in the NATURA 2000 classification for riparian mixed forests. The exchange
of C. betulus for U. laevis as the second most dominating species in the HF forests on
the seepage water zone and tributaries may therefore be a consequence of the different
hydrological conditions.

5. Conclusions

C stocks developed positively with age and the C storage function of old forests did
not significantly vary with forest structure on the low active floodplain or according to
different hydrological conditions. Old forests on the low active floodplain, the high active
floodplain, the seepage water zone, and tributaries fulfill the same ecosystem function of
C storage and the locations are therefore at first glance equally suitable for reforestation
campaigns. However, C storage is only one ecosystem service among many that should
be quantified and evaluated to provide decisive and suitable land management advice.
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Additionally, the influence of climate change should also be considered. Q. robur is a good
candidate for reforestations at all hydrological situations and should be accompanied by
other suitable species such as U. laevis in all hydrological conditions and C. betulus in less
frequently flooded conditions. F. excelsior is at present not a good candidate for reforestation
because of the high risk of dieback.
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Appendix A

Table A1. Tree stem volume equations for all species inventoried in the Middle Elbe study area are shown, taken from Zianis
et. al., 2005 (Appendix C) [35]. The country where the equation originates from and the units for volume (V), diameter at
breast height (D), and the height (H) of individual trees are shown.

Tree
Species Unit Equation Parameters

V D H a b c d e f

Acer spp. NT dm3 cm m Da·Hb·exp(c) 1.89756 0.97716 −2.94253
Alnus

glutinosa NT dm3 cm m Da·Hb·exp(c) 1.85749 0.88675 −2.5222

Betula
pendula NT dm3 cm m Da·Hb·exp(c) 1.8906 0.26595 −1.07055

Carpinus
spp. NT dm3 mm m a·D(b + c)·Hd 0.00021491 2.258957614 0.001411006 0.60291075

Corylus
avellana NO dm3 cm m a + b·D2 + c·D2·H+

d·D·H2 + e·H2 −1.86827 0.21461 0.01283 0.0138 −0.06311

Fagus
sylvatica NT dm3 cm m Da·Hb·exp(c) 1.55448 1.5588 −3.57875

Fraxinus
excelsior NT dm3 cm m Da·Hb·exp(c) 1.95277 0.77206 −2.48079

Picea
abies GER m3 m m a·H·D2 0.502

Pinus
sylvestris GER m3 cm m a·Db·Hc 0.000056537 1.960466 0.894433
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Table A1. Cont.

Tree
Species Unit Equation Parameters

V D H a b c d e f

Populus
spp. NT dm3 mm m a · D(b+c) · Hd 0.0009507 1.895629295 0.001650837 0.8392146

Prunus
avium BE m3 cm m a + b·D + c·D2 + d·D3

+ e·H + f·D2·H −0.002311 −0.00117728 0.000149061 −7.8058 ×
10−6 0.00033282 0.000031526

Quercus
robur NT dm3 cm m Da·Hb·exp(c) 2.00333 0.85925 −2.86353

Ulmus
spp. NT dm3 cm m Da·Hb·exp(c) 1.942950 1.292290 −4.200640

Table A2. Specific wood densities for tree species inventoried in the HF forests of the middle Elbe
and sourced from the global wood density database [36].

Tree Species Specific Wood Density (g cm−3)

Acer spp. 0.525
Alnus glutinosa 0.439
Betula pendula 0.525

Carpinus betulus 0.706
Corylus avellana 0.517
Fagus sylvatica 0.585

Fraxinus excelsior 0.560
Picea abies 0.370

Pinus sylvestris 0.422
Populus alba 0.353

Prunus avium 0.474
Quercus robur 0.560

Ulmus spp. 0.551

Table A3. Mean (±SE, n = 5), minimum and maximum carbon stocks of old hardwood floodplain
forests on the active floodplain with different ages and forest structures. The total carbon stock
combines five carbon pools: The above-and belowground carbon stocks (AGC and BGC) of trees,
shrubs, and standing dead trees (SDT) ≥ 5 cm diameter at breast height, as well as coarse woody
debris (DWD) and litter. The mean, standard error of the mean (SE), minimum (min), and maximum
(max) values are shown for the five replicate plots per forest type. All carbon stocks are presented in
Megagrams carbon per hectare (Mg ha−1).

Forest Age and
Structure

Total C
Stock Tree Shrub SDT DWD Litter

Young
planta-

tion

Mean 50.2 42.9 0.9 1.3 1.8 3.3
SE 10.8 10.4 0.8 0.5 0.7 0.6

Min 29.2 19.6 0.0 0.0 0.4 1.9
Max 88.2 77.7 4.0 2.8 3.6 5.0

Old
dense

Mean 140.6 108.6 3.2 14.3 11.8 2.8
SE 11.6 8.8 1.3 7.1 3.3 0.4

Min 116.2 82.6 0.8 0.0 5.6 1.8
Max 181.8 133.6 7.9 32.9 22.1 4.0

Old
sparse

Mean 180.4 139.9 4.0 26.9 7.2 2.4
SE 26.6 14.8 1.9 13.3 3.3 0.5

Min 140.1 109.0 0.0 3.4 1.7 1.5
Max 282.4 193.7 9.7 77.5 19.3 4.0
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Table A4. Mean (±SE, n = 5), minimum and maximum carbon stocks of old hardwood floodplain forests
at different hydrological conditions. The total carbon stock combines five carbon pools: The above-and
belowground carbon stocks (AGC and BGC) of trees, shrubs, and standing dead trees ≥ 5 cm diameter
at breast height, as well as dead woody debris and litter. The mean, standard error of the mean (SE),
minimum (min), and maximum (max) values are shown for the five replicate plots per hydrological
condition. All carbon stocks are presented in megagrams carbon per hectare (Mg ha−1).

Hydrological Condition Total C
Stock Tree Shrub SDT DWD Litter

Low active floodplain

Mean 140.6 108.6 3.2 14.3 11.8 2.8
SE 11.6 8.8 1.3 7.1 3.3 0.4

Min 116.2 82.6 0.8 0.0 5.6 1.8
Max 181.8 133.6 7.9 32.9 22.1 4.0

High active floodplain

Mean 163.5 127.7 5.7 17.6 9.7 2.8
SE 8.3 8.7 2.0 13.0 5.3 0.3

Min 140.0 104.4 2.6 0.0 0.8 2.4
Max 185.1 151.8 12.6 68.2 29.7 3.8

Seepage water zone

Mean 145.3 130.3 2.6 3.0 5.0 4.4
SE 11.8 14.7 1.1 1.6 1.9 0.3

Min 124.4 104.5 0.0 0.0 0.4 3.9
Max 190.0 184.1 5.5 8.7 10.9 5.5

Tributary

Mean 146.5 127.1 0.7 6.3 8.2 4.2
SE 20.4 18.4 0.7 1.6 3.9 0.8

Min 88.5 78.1 0.0 0.4 2.3 2.2
Max 189.0 168.4 3.4 10.4 23.4 6.0
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