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A B S T R A C T   

Forested buffer zones with varying width have been suggested as the most promising approach for protecting 
boreal riparian biodiversity, reducing erosion, and minimizing nutrient leaching from managed forestry areas. 
Yet, less optimal fixed-width approach is still largely used, likely because of its simple design and imple-
mentation. We examined the efficiency of varying-width buffer zones based on depth-to-water (DTW) index in 
protecting stream riparian plant communities. We further compared the economic costs of DTW-based buffer to 
commonly used 5, 10 and 15 m fixed-width buffers. We also included an additional buffer based on a combi-
nation of DTW and erosion risk (Revised Universal Soil Loss Equation, RUSLE) into these comparisons to see the 
extent and cost of a buffer that should maximize the protection of the linked aquatic environment. Plant species 
richness increased with increasing soil moisture and species preferring moist conditions, nutrient-rich soils and 
high pH were clearly more abundant adjacent to stream in areas with high predicted soil moisture than in dry 
areas. Differences in species richness were paralleled by differences in community composition and higher beta 
diversity of plant communities in wet than in dry riparian areas. There were also several indicator species typical 
for moist and nutrient-rich soils for wet riparian areas. Riparian buffer zones based on DTW were on average 
larger than 15 m wide fixed-width buffers. However, the cost for DTW-based buffer was lower than for fixed- 
width buffer zones when the cost was normalized by area. Simulated selective cutting decreased the costs, but 
cutting possibilities were variable among streams and depended on the characteristics of forest stands. Our re-
sults thus suggest a high potential of DTW in predicting wet areas and variable-width buffer zones based on these 
areas in the protection of riparian biodiversity and stream ecosystems.   

1. Introduction 

Riparian forests connect streams and their surrounding catchments 
and support diverse communities of plants and other organisms, which 
differ in their composition from upland forest communities (Tolkkinen 
et al., 2020). In addition to harboring diverse communities of plants and 

other organisms (Naiman & Decamps, 1997; Sabo et al., 2005; Dynesius 
et al., 2009; Gundersen et al., 2010), riparian zone plays a major role in 
the dynamics of organic matter (Fiebig et al., 1990) and nutrient 
retention and denitrification (Hedin et al., 1998). Riparian zones have 
traditionally only been seen as buffer strips that are used to prevent 
nutrient and sediment loads from entering streams from disturbed 

* Corresponding author. 
E-mail address: heikki.mykra@syke.fi (H. Mykrä).  
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upland soils. This view is changing and increasing attention is given to 
the biodiversity of riparian forests and the ecosystem services they 
provide, yet there is still a need for solutions and planning tools for 
ensuring an efficient protection of biodiversity (Hasselquist et al., 2021). 

Varying-width forested buffer zones have been suggested as the most 
promising approach for efficient and cost-effective protection of riparian 
biodiversity and aquatic ecosystems (Richardson et al., 2012; Kuglerová 
et al., 2014a; Kuglerová et al., 2017). This is because most ecologically 
important characteristics, such as soil moisture or capacity of nutrient 
and sediment retention are not uniformly distributed in the riparian 
forests but depend on topography, hydrological pathways, vegetation, 
and soil characteristics and therefore vary in their position in relation to 
the stream (e.g., Gundersen et al., 2010). Varying-width buffers based 
on ecologically important characteristics should allow targeting pro-
tection to locations of a specific importance by leaving wider buffers in 
the areas where natural values are high and narrower buffers elsewhere 
(Richardson et al., 2012; Kuglerová et al., 2014a; Annala et al., 2022). 
Although specific local conditions such as steep slopes or areas with high 
risk of erosion are identified as areas where wider buffer is needed to 
reduce sediment and nutrient loads, fixed-width approach is still largely 
used in the Baltic Sea Region (Piirainen et al., 2017), likely because 
fixed-width buffers are easier to design and implement compared to 
varying-width buffers. New planning tools are needed and their easy 
integration into existing forestry practices is crucial for managers to 
adopt the new planning tools. 

LiDAR (Light Detection and Ranging) based high-resolution digital 
elevation models (DEM) allows an easily applicable and cost-effective 
approach for planning riparian buffer zones. Riparian areas with a 
groundwater seepage have a higher ecological significance for many 
riparian processes and sensitivity to forestry practices (Kuglerová et al., 
2014a). Digital terrain indices can be used to predict riparian soil 
moisture conditions and modeled wetness indices correspond rather 
well with real in-situ conditions (Murphy et al., 2008a, 2011; Ågren 
et al., 2014, Oltean et al., 2016; Schönauer et al., 2021), and thus allow 
the identification of riparian areas with higher soil moisture (Kuglerová 
et al., 2014a). Fixed-width buffers likely fail to maintain the ecological 
and biochemical functions related to groundwater and surface water 
influenced areas because those often exceed the standardized widths, 
and the extent of their importance reaches far beyond the direct fluvial 
influence (Kuglerová et al., 2014a). Extending fixed-width buffers to 
fully cover the groundwater influenced riparian areas would unneces-
sarily increase the extent of buffers and possibly compromise the eco-
nomic goals of the forest owners. The cost per area for varying-width 
buffers could even be economically less expensive in comparison to the 
commonly used fixed-width buffers, because hydrologically adapted 
buffers include more wetlands and low productive forest areas than 
fixed-width buffers (Tiwari et al., 2016, Lundström et al. 2018). How-
ever, there is necessarily no need for the buffers to be completely un-
managed and in some cases, management preventing natural succession 
of spruce or mimicking natural disturbances could be beneficial for ri-
parian biodiversity (Kreutzweiser et al. 2012, Hasselquist et al. 2021, 
but see Oldén et al. 2019). 

We explored the relationships between riparian wet areas defined by 
depth-to-water (DTW) index and vegetation in riparian forests of small 
boreal headwater streams. Our specific goal was to test the utility of 
DTW-based buffer zones in the protection of the diversity of riparian 
plants and to find a threshold value for DTW that covers the most bio-
diverse sites. We further compared the economic costs of DTW-based 
buffers with commonly used 5, 10 and 15 m fixed-width buffers. We 
also included an additional buffer based on a combination of DTW and 
erosion risk of soil cover modeled using Revised Universal Soil Loss 
Equation (RUSLE) into these comparisons to see the extent and cost of 
buffers that should maximize the protection of aquatic environment. We 
calculated the costs for completely unmanaged and partially harvested 
forests based on the continuous-cover forestry, i.e., selective cutting of 
larger trees and maintenance of forest cover. 

2. Methods 

2.1. Study area 

We selected five headwater streams from the river Iijoki drainage 
basin, Northern Finland (65◦ 19́- 65◦ 37́N, 25◦ 15́- 29◦ 19́E). The climate 
of the area is characterized by long winters with a snow cover from late 
November to May. All streams are second order, near-pristine headwater 
streams. There was a wide variation in both soil moisture and erosion 
risk in the riparian areas of the streams. Forests on their catchments are 
managed in contrast to the forests adjacent to the streams, which are 
mainly unmanaged. Forests are mainly managed under conventional 
rotation forestry, with even-aged stands treated with periodical thin-
nings and having a rotation time from 80 to 120 years. River Iijoki 
drainage basin is dominated by peatlands and glacial till soils. Forests 
are characterized by mixed tree species, the main species being Norway 
spruce (Picea abies (L.) H. Karst.) and Scotch pine (Pinus sylvestris L.). 
Deciduous species, such as silver birch (Betula pendula Ehrh.), grey alder 
(Alnus incana (L.) Moench) and willows (Salix sp.) are common in ri-
parian zones. 

2.2. LiDAR derived indices 

We used depth-to-water (DTW) index maps (Ågren et al., 2015; 
Kuglerová et al., 2014a) as our primary data in planning the buffer 
zones. The DTW indicates the depth to the water level in a location as 
difference in elevation of that location and the elevation in the nearest 
stream location (where the water level is in theory at the surface) 
(Murphy et al., 2007, 2008b; Ågren et al., 2014). Stream network was 
calculated based on water flow accumulation with a 4-hectare threshold 
meaning that water accumulating from 4 ha area initiates a stream. DTW 
with 4 ha threshold represents late summer moisture conditions (Ågren 
et al., 2014). The depth is calculated based on the least-cost pathway, i. 
e., smallest change in elevation between a given location and the nearest 
stream location. DTW was calculated using 2 × 2 m digital elevation 
model (DEM) including DEM pre-processing as described in Salmivaara 
(2020). The pre-processing involves burning the streams from National 
Land Survey’s topographical database (NLS, 2019) into the DEM. The 
locations of streams were verified by visiting the sites and if corrections 
were needed, an update of the DTW for the study area was calculated 
using the corrected stream locations. DTW index is measured in meters 
and usually areas with DTW index values<1 m are considered wet. 

2.3. Rusle 

Erosion risk of stream riparian areas was estimated using Revised 
Universal Soil Loss Equation (RUSLE) (Renard et al., 1997), which es-
timates long-term average annual soil loss by sheet and rill erosion. We 
used a modified version of the RUSLE model (RUSLE2015, based on 
Renard et al., 1997), which calculates mean annual soil loss rates ac-
cording to the following equation: 

E = R × K × C × LS × P. 
where E: annual average soil loss (t ha− 1 yr− 1), R: rainfall erosivity 

factor (MJ mm ha-1h− 1 yr− 1), K: soil erodibility factor (t ha MJ− 1 mm− 1), 
C: cover-management factor (dimensionless), LS: slope length and slope 
steepness factor (dimensionless), and P: support practices factor 
(dimensionless). A major benefit of RUSLE2015 is that it can incorporate 
the effects of policy scenarios based on land use changes and support 
practices (Panagos et al., 2015). RUSLE2015 has also been tested in 
Finland (Lilja et al., 2017) and a detailed description of the data used 
here can be found from Räsänen et al. (2021). 

2.4. Vegetation surveys 

A reach with a length of approximately 1.0 km (0.9 – 1.3 km) was 
first selected for each of the five streams. We then placed sampling 

H. Mykrä et al.                                                                                                                                                                                                                                  



Forest Ecology and Management 528 (2023) 120639

3

transects with 50-meter intervals beginning from the upstream end of 
each reach. The transect covered both sides of the stream and plants 
were surveyed from three 1.0 × 1.0 m plots with increasing DTW from 
both sides of the stream (Fig. 1). 

The placing of the plots was aimed to cover variation in DTW from 
wet to dry areas in each transect. ArcGIS Explorer phone application 
with DTW maps was used to identify the locations of the plots in the 
field. Due to logistic issues, we were able to sample only 13 transects in 
one stream (stream Hanhioja), while from 18 to 20 transects were 
sampled from the other streams resulting a total of 526 sampled plots. 
Locations of stream channel margins and the plots in each transect were 
determined using a high precision GPS (Leica GPS1200). All vascular 
plants, mosses and lichens were identified to the species if possible, and 
their cover in the plot was estimated for moss and ground layers, 
excluding trees and shrubs with height over 30 cm. Moss layer included 
mosses and lichens and ground layer included vascular plants. Plots 
were surveyed by three plant specialists with standardized protocol and 
plots were randomized for each person to exclude sampling bias. 

We measured volumetric soil moisture (%) with a soil moisture meter 
(SM150-KIT soil moisture kit, Delta-T Devices ltd) from the plots about 
8 cm underground. Three measurements were made from each plot. We 
also measured the thickness of the organic layer by drilling 5 random 
samples from each the plot. The measures were averaged for each plot. 
We estimated shading (%) by inspecting the percentage of tree cover on 
each plot using a smartphone application HabitApp (https://toolbox. 
coffeeandclimate.org/tools/habitapp-shade-measurement-tool/). Three 
pictures were taken from the center of a plot and averaged for each plot. 

2.5. Determining the threshold for DTW 

We used species accumulation curve to determine the threshold for 
DTW where species accumulation starts to slow down. To construct the 
curve, we first assigned the vegetation plots to equal-width (0.1 m) 
classes based on DTW index value. Because the number of plots within 
the DTW classes was highly variable, we randomly sampled the same 
number of plots (N = 4) for each DTW class from each stream. The 
species accumulation curve was then drawn based on the randomly 
selected plots. The rate of cumulative number of species steeply 
increased with decreasing DTW (i.e., increasing soil wetness) up to 0.3 m 

and started to slow down when DTW was roughly 0.5 m (Fig. 2). The 
number of observed species was highest in DTW classes < 0.5 m and 
then first declined and slightly increased again when DTW was 0.9 
(Fig. 2). 

Based on these patterns, we further divided the vegetation plots in 
three (wet, intermediate, and dry) DTW classes based on three different 
thresholds 0.3 m (<0.3, 0.3–0.8, <0.8), 0.4 m < 0.4, 0.4–0.8, >0.8) and 
0.5 m (<0.5, 0.5–1.0, >1.0). We then examined variation in vegetation 
species richness among the classes using generalized linear mixed effect 
models. To get balanced designs, we randomly sampled the same 
number of plots for each DTW class from each stream. Because we 
replicated our sampling several times within a stream, we included 
stream as a random factor in the models. A full model with the DTW class 
as fixed factor and stream as random factor was tested against null 
model containing only the random factor. Models were fitted using 
function ‘glmer’ in the package lme4 (Bates et al., 2022) of program R (R 
Core Team, 2022) with Restricted Maximum Likelihood Estimation 
(REML) and Poisson distribution. Pairwise differences among the DTW 
classes were examined using contrasts of least-squares means and 
Tukey’s tests using functions ‘ref.grid’ and ‘lsmeans’ in the package 
lsmeans (Lenth, 2022). 

The full model was better than the null model for all DTW classifi-
cations (ΔAIC > 86.6, x2 > 80, P > 0.001). Species richness was highest 
in the wet class for all three classifications (Supplementary material fig. 
S1). Species richness was also significantly higher in the intermediate 
than in the dry class in the classification based on DTW 0.3 m, while 
species richness did not differ among these classes in the classifications 
based on DTW 0.4 m or 0.5 m (Table S2), suggesting that ecologically 
justified threshold could be better defined based on these latter 
thresholds. Because there was a similar increase in cumulative number 
of species in from DTW 0.3 m to 0.4 m and from 0.4 m to 0.5 m, and a 
decline in observed species richness in DTW 0.6 m, we selected DTW 0.5 
m as this threshold should better protect against edge effects than 
slightly narrower DTW 0.4 m. DTW 0.5 m was also a breakpoint for the 
decrease of coverage of herbs and the increase of coverage of shrubs 
(Fig. S3). 

Fig. 1. An example of placing of the transects along stream Tutuoja.  
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2.6. Variability of species environmental associations among DTW classes 

We examined variation of species environmental associations using 
Ellenberg’s indicator values (EIVs, Ellenberg et al., 1991) among the 
DTW classes. EIVs are estimates of species ecological optima along major 
environmental gradients and they have been widely used in vegetation 
assessment to summarize species environmental associations into fewer 
dimensions. We used EIVs for the light regime (L), soil moisture (F), soil 
nitrogen status (N) and soil reaction (acidity / lime content) (R). High 
EIVs indicate that species optima for a given environmental gradient are 
associated to high values of that environmental factor and low EIVs 
indicate associations to low values. Indicator values were mainly ob-
tained from PLANATT (Hill et al., 2004) and BRYOATT (Hill et al., 
2007), but in cases of missing values, the value was obtained from 
Chytrý et al. (2018) or Ellenberg (1991). For genus level identifications, 
EIV was calculated as a mean of species belonging to the genus. We used 
linear mixed models to examine differences in coverage weighted mean 

ElVs. Stream was included as a random factor in the models and full 
models were evaluated against null model containing only random 
factor. Models were fitted using function ‘lmer’ in the package lme4 with 
REML and a Gaussian distribution. 

Variability in plant community composition among the DTW classes 
was first visualized using NMDS ordinations based on Bray-Curtis dis-
similarities of plant coverages. Two-dimensional ordination solutions 
were used. Permutational Multivariate Analysis of Variance (PERMA-
NOVA; Anderson, 2001) was then used to examine variation in the 
composition of plant communities among the DTW classes. PERMA-
NOVA examines mean differences in community composition among a 
priori defined site groups and partitions dissimilarities across sources of 
variation in a multivariate data set, testing significance using a 
permutation-based F-test (Anderson, 2001). Because significant differ-
ence in P-value in PERMANOVA may be caused by different within- 
group dissimilarities (beta diversity) instead of different mean values 
of the groups (Warton et al., 2012), differences in beta diversity of plant 

Fig. 2. Cumulative number of plant species (a) and number of observed species (b) in 0.1 m DTW classes.  
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communities between DTW classes were further examined using 
Permutational Analysis of Multivariate Dispersions (PERMDISP; 
Anderson, 2006). PERMDISP uses the ANOVA F-statistic to compare 
among-group differences in the distance from individual observations to 
their group centroid. Significance of among-group differences is tested 
through permutation of least-squares residuals. NMDS, PERMANOVA 
and PERMDISP were run using functions, ‘metaMDS’, ‘adonis2′ and 
‘betadisper’, respectively, in the R package vegan (Oksanen et al., 2015). 

Finally, we employed indicator species analysis (IndVal; Dufrêne and 
Legendre, 1997, De Cáceres et al., 2010) to identify indicator taxa for the 
DTW classes. IndVal analysis determines an indicator value (IV) for a 
species in each a priori-defined site group (in our case, DTW class). The 
IV for a species varies from 0 to 1, and it attains its maximum value when 
all individuals of a species occur at all sites of a single group. The sig-
nificance of the IV for each taxon was tested by a Monte Carlo 
randomization test with 1000 permutations. We considered species with 
IV > 0.25 and P < 0.05 as meaningful indicators (Dufrêne and Legendre, 
1997). IndVal was performed using function ‘multipatt’ in the package 
indicspecies (De Cáceres et al., 2022) of program R (R Core Team, 2022). 

2.7. Economic consequences of buffer zones 

Economic costs of buffer zones were evaluated from the stream 
reaches used for the vegetation surveys. In addition to DTW-based 
buffer, we delineated 5, 10 and 15 m fixed-width buffers and varying- 
width buffer based on a combination of DTW 0.5 m and RUSLE (DTW 
+ RUSLE). All buffers were delineated for both sides of the streams. We 
used value 100 kg ha− 1 as a threshold for an erosion risk in RUSLE. To 
produce a uniform buffer zone, areas with identified erosion risk were 
attached to the DTW-based buffers in the locations where these areas 
extended farther than DTW-based buffer. In the areas extending far from 
the riparian zone such as wetlands, 50-meter maximum distance from a 
stream was used. In addition, a minimum of five meters buffer width was 
used for DTW-based buffers in cases where the buffer would have been 
narrower than 5 m. 

LiDAR-based elevation model of tree height and infrared aerial 
photographs were used to delineate the tree stand compartments and to 
define tree species composition and forest development class in each 
compartment. Compartments were delineated separately for peatland 
and mineral land for each buffer. A total of 112 stands were delineated 
(the number of stands per stream varying from 1 to 8 depending on the 
buffer). Forest data used in the economic analyses were derived from 16 
× 16 m forest resource maps (Finnish Forest Centre). These maps are 
based on multiple data sources (LiDAR, aerial photographs, and field 
inventories). Stand volume of each compartment was determined based 
on the basal area and average height of the stand. The value of riparian 
forests was calculated for unmanaged and partially harvested forests 
based on selective cutting. Selective cutting was planned based on the 
principles of continuous-cover forestry (CCF), that is, selective cutting of 
larger trees and maintenance of permanent forest cover. Basal areas 
after loggings varied from 8 to 12 m2/ha depending on the site’s forest 
type and roughly 50 % of tree volume was harvested in the scenarios. It 
has been shown that selective cutting may not influence riparian plant 
communities if the buffer zones are wide enough (Oldén et al., 2019). 
Selective cutting in riparian buffers can also sustain effective riparian 
shading and mitigate logging-induced water temperature increases 
(Kreutzweiser et al., 2009). The economic analysis was based on the 
current state of the forest. The value of timber was calculated based on 
10 months (January – October) means from 2020 for pine, spruce, and 
birch. 

3. Results 

3.1. Variation in plot characteristics and Ellenberg indicator values 
among DTW classes 

Plots in wet class were closer to stream than plots in intermediate or 
dry class as mean distance of a plot to stream was 12.3 m in wet, 24.4 m 
in intermediate, and 30.8 m in dry class (Table 1). Mean vegetation 
cover, mean depth of organic layer and mean shading were relatively 
similar in each class (Table 1). Soil moisture varied from 25 % to 48 % 
and was highest in wet class, while differences between intermediate 
and dry class were less clear (Table 1). 

The full model was better than the null model for the Ellenberg in-
dicator values for soil nitrogen (N), reaction (R) and moisture (F) (ΔAIC 
> 82, x2 > 86, P < 0.001). Indicator values for reaction and nitrogen 
were higher in wet class than in the other two classes but did not show 
significant differences between intermediate and dry classes (Table S4, 
Fig. 3). Indicator values for soil moisture were also higher in wet class 
than the other two classes and they were also significantly higher in 
intermediate class than in the dry class (Table S4, Fig. 3). Indicator 
values for light (L) did not vary among the DTW classes (Fig. 3). 

3.2. Variation in plant community composition 

Riparian predicted soil moisture was a strong predictor of the 
composition of plant communities, as evidenced by both the NMDS 
ordination plot (Fig. 4) and significant differences community compo-
sition between DTW classes (PERMANOVA F1,449 = 39.251, P < 0.001, 
R2 = 0.081). 

Pairwise comparisons among the classes were significant (F > 3.930, 
P < 0.006), but the difference between intermediate and dry classes was 
weak (R2 = 0.013) compared to the differences between wet and in-
termediate (R2 = 0.069) or between wet and dry (R2 = 0.111) classes. 
There was also a wide among-site variability within the DTW classes in 
NMDS ordination (Fig. 4) and PERMDISP found significant differences 
(F2, 447 = 58.289, P > 0.001) in the dispersions among the DTW classes, 
indicating higher beta diversity of plant communities among the classes. 
Tukey’s tests found significant pairwise differences among all classes (P 
< 0.006), but the mean difference was low between dry and interme-
diate classes (-0.06) compared to the differences between wet and in-
termediate (-0.10) or between wet and dry (-0.16) classes. 

3.3. Indicator species 

There were 19 strong indicators (IV > 0.25, P < 0.05) for the wet 
class, while only one species was found for the intermediate class 
(Table 2). There were not any indicators for dry class, but six species 
were found to indicate a combination of the two drier classes (Table 2). 
Many of the indicators of the wet class, such as Maianthemum bifolium, 
Carex acuta, Ranunculus repens, and Calamagrostis canescens are typical 
for flood or groundwater influenced areas, while others are typical 
species for spruce mires (Filipendula ulmaria, Calamagrostis purpurea, 
Viola epipsila and Rhodobryum roseum) or herb-rich forests (e.g., Gym-
nocarpium dryopteris). The indicators of the combination of intermediate 
and dry classes are mosses and herbs (e.g., Polytrichum juniperinum, 

Table 1 
Means and standard deviations (±) of variables depicting vegetation plot 
characteristics.  

Variable Wet Intermediate Dry 

Distance of plot to stream (m) 12.3 ± 9.5 24.4 ± 11.0 30.8 ± 15.6 
Vegetation cover ground layer (%) 61 ± 23 62 ± 20 53 ± 23 
Vegetation cover moss layer (%) 52 ± 35 62 ± 32 63 ± 32 
Depth of organic layer (cm) 9 ± 11 6 ± 8 5 ± 7 
Shading (%) 49 ± 21 43 ± 23 46 ± 22 
Soil moisture (%) 48 ± 24 33 ± 18 25 ± 14  
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Fig. 3. Variation in coverage weighted Ellenberg indicator values of vegetation among DTW classes. The boxes display interquartile ranges and median values, and 
whiskers denote minimum and maximum values. Means denoted by the same letter are not significantly different. 

Fig. 4. NMDS ordination showing variation of plant communities among the 
DTW classes. Blue squares = wet, green squares = intermediate, brown squares 
= dry). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Table 2 
Significant (P < 0.05 and IV > 0.25) indicator species of wet and 
intermediates classes and a combination of intermediate and dry 
classes.  

Indicator species Indicator value 

Wet  
Maianthemum bifolium  0.534 
Gymnocarpium dryopteris  0.529 
Geranium sylvaticum  0.507 
Sphagnum girgensohnii  0.499 
Calamagrostis canescens  0.463 
Potentilla palustris  0.449 
Viola epipsila  0.433 
Filipendula ulmaria  0.404 
Calamagrostis purpurea  0.373 
Deschampsia cespitosa  0.372 
Agrostis capillaris  0.366 
Carex acuta  0.334 
Rhodobryum roseum  0.307 
Orthilia secunda  0.300 
Angelica sylvestris  0.298 
Nardus stricta  0.291 
Equisetum arvense  0.255 
Ranunculus repens  0.251 
Intermediate  
Barbilophozia sp.  0.304 
Intermediate and dry  
Dicranum polysetum  0.555 
Empetrum nigrum  0.495 
Dicranum scoparium  0.41 
Calluna vulgaris  0.343 
Ptilium crista-castrensis  0.309 
Polytrichum juniperinum  0.263  
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Empetrum nigrum) typical for xeric heath or barren heath forests. 

3.4. Economic consequences of buffer zones 

The area of buffer zone delineated based on DTW threshold for wet 
areas (0.5 m) and RUSLE (DTW0.5 m + RUSLE) was the largest, fol-
lowed by the buffer zone based on DTW0.5 m alone (Table 3). As ex-
pected, the area of the buffer zone was strongly related to the timber 
value, i.e., to the loss of logging revenue with wider buffers being more 
expensive (Table S5, Figs. S6-S10), but because there was variation in 
the lengths of stream reaches, the value was normalized to the area to 
allow unbiased comparison. The average area-weighted value of the 
total timber was highest (4092 EUR/ha) for DTW0.5 m + RUSLE but the 
lowest value (3472 EUR/ha) was observed for DTW0.5 m (Table 3). On 
average, selective cutting reduced the total cost by 50 % (Table 3), but 
there was a high variation in values of harvested forest compartments 
among the streams (Table S5, Figs. S6-S10). 

4. Discussion 

There is a need for new tools and practical solutions for forest 
managers and owners to ensure the efficient protection of biodiversity 
while simultaneously avoiding unnecessary economic costs. We showed 
that the predicted wetness of riparian forest soil was a strong predictor 
of species richness and composition of riparian forest plant commu-
nities. Plant species richness increased with increasing soil moisture and 
this variation was paralleled by changes in plant community composi-
tion and beta diversity. Species preferring moist conditions, nitrogen- 
rich soils and high pH were clearly more abundant in areas with high 
predicted soil moisture and there were also several indicator species for 
wet riparian areas. Riparian buffer zones based on DTW0.5 m had a 
larger total area than 15 m wide fixed-width buffers. However, the cost 
calculated as lost logging revenues for DTW0.5 m based buffer was 
lower than for the fixed-width buffer zones when the cost was normal-
ized by area, indicating that the economic value of a forest stand tends to 
be lower in wet riparian areas. Our results thus suggest a high potential 
of variable-width buffer zones based on wet areas in the protection of 
riparian forests and stream ecosystems. 

Wet area-based buffer zones have been intensively studied and it has 
been shown that plant communities in moist riparian areas are more 
diverse than communities in drier sites (Jansson et al., 2007, Kuglerová 
et al., 2014b, 2016, Bartels et al., 2018). Our results agree with these 
findings as plant species richness was clearly higher in areas with a high 
degree of soil moisture predicted based on DTW. Riparian habitats of 
boreal forests are considered as hotspots for biochemical processes 
because they gather organic matter and solutes draining from upland 
sites and tend to have favorable conditions for processing biochemical 
compounds (McClain et al., 2003, Vidon et al., 2010, Blackburn et al., 

2017). Microbial communities drive these processes, and it has been 
shown that both microbial diversity and decomposition rates of organic 
material can be higher in moist areas adjacent to the stream than further 
away (Annala et al., 2022). The observed higher coverage of plants 
preferring high pH and nitrogen concentrations in wet areas than in dry 
areas can reflect the influence of fluxes of solutes and their processing 
and thus, the unique conditions of wet riparian areas. These findings 
were further confirmed by the large number of indicator species found 
for the wet areas. Because many of these species, such as Potetentilla 
palustris, Carex acuta, Calamagrostis canescens, and Viola epipsila are 
likely dependent on a high soil moisture and cool microclimate, they 
could be more sensitive to edge-effects than less specialized species 
(Hylander, 2005, Harper et al., 2015). Wet riparian areas are not only 
hydrologically highly connected to the upland area but also to surface 
waters, and forestry operations in these areas can therefore significantly 
alter both riparian biodiversity and surface waters, further warranting 
special attention to their protection (Laudon et al., 2016, Ledesma et al., 
2018). 

Predicted soil moisture was also a strong predictor of plant com-
munity composition and interestingly, within group variability in 
community composition, i.e., beta diversity, was clearly higher in wet 
than in dry riparian areas. High beta diversity likely resulted from both 
higher among stream and among plot differences in plant community 
composition in wet than in dry riparian areas. Thus, although predicted 
soil moisture was similar in riparian areas among the study streams, 
there was likely a high variation in microhabitats and influential envi-
ronmental factors among and within the streams. From the perspective 
of conservation, this suggests that stream riparian forests can signifi-
cantly contribute to regional diversity of plant communities and pro-
tection should therefore cover different streams and riparian areas along 
the streams to maintain riparian biodiversity both at regional and local 
scales. 

The area of DTW based buffer was relatively large in comparison to 
commonly used fixed-width buffer zones. We did not specifically iden-
tify and delineate potential ephemeral streams or other groundwater 
discharge accumulation areas (see Kuglerová et al., 2014b) but simply 
restricted the DTW-based buffer zone to have a maximum distance of 50 
m from a stream. The largest extensions of buffer zones were mainly 
open wetlands, and it would have been possible to use shorter maximum 
distance for the buffer zone. For example, with a maximum distance of 
30 m, buffer zone areas would have been 22 % smaller than the ones we 
used. However, some larger extensions of buffer zones were on mineral 
lands and likely contained ephemeral streams or other hot spots of ri-
parian areas (Kuglerová et al., 2014b). Examining peatland and forest 
cover together with DTW might allow excluding open peatlands from 
buffer zones, but careful consideration is needed to ensure that 
ephemeral streams and other groundwater-influenced areas will be 
included into the buffer zones. The width of DTW0.5 based buffers 
should also be suitable for the protection of stream ecosystems, since it 
has been suggested that in Finland, buffers should be wider than 15 m 
(Jyväsjärvi et al., 2020). 

The buffer zone based on a combination of DTW0.5 and RUSLE was 
large was aimed to provide the maximal protection against direct and 
indirect influences of forestry activities on riparian zone and we there-
fore used a rather conservative threshold (100 kg ha− 1 solids) for erosion 
risk. Increasing the threshold to e.g., > 800 kg ha− 1 would have pro-
duced much smaller buffer zones, but in many cases, the high-risk areas 
were far from the DTW boundaries and could not have been directly 
included into buffer zones. In such cases, the best option would probably 
be a careful planning of the forestry activities to minimize erosion and 
for example, leaving retention tree groups in the potential paths of 
sediment to protect the actual riparian buffer zone from sedimentation. 
The buffer zone based on DTW alone was also larger than the fixed- 
width buffers and, as expected, the cost was related to the size of the 
buffer area. However, when normalized to area, the cost for DTW based 
buffer was the lowest. Similar findings were reported by Tiwari et al. 

Table 3 
Means and standard errors (±SE) of the areas and tree volumes and values of 
trees per hectare in the buffer zones. Harvested timber value is for trees that 
could be harvested using selective cutting.  

Buffer zone Area 
(ha) 

Stand 
volume 
(m3/ha) 

Total timber 
value 
(EUR ha¡1) 

Harvested timber 
value 
(EUR ha¡1) 

DTW0.5 m þ
RUSLE  

7.00 146 4092 2416 

SE  0.79 18.9 877 568 
DTW0.5 m  4.55 127 3472 2029 
SE  0.79 18.4 910 664 
15 m  3.22 135 3720 1965 
SE  0.26 19.6 989 681 
10 m  2.13 136 3740 1975 
SE  0.17 19.9 989 683 
5 m  1.10 136 3739 1975 
SE  0.09 19.8 998 688  
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(2016) from northern Sweden. They further reported that the lower cost 
of hydrologically adapted buffer zones was because the zone included 
more wetlands and low productivity areas than fixed-width buffer zones. 
We did not separate low productivity areas, but the larger area of the 
DTW buffer likely resulted from the inclusion of open wetlands into the 
buffer zones in our study as well. 

Selective harvesting of buffer tree stands reduced the costs by 50 %. 
There was, however, a high among-stream variation in possibilities for 
selective cutting and thus in the income that could be obtained by se-
lective cutting. Furthermore, selective cutting was also simulated for the 
stands across the whole buffer zones, while the buffers based on DTW 
and a combination of DTW and RUSLE would be too large to allow 
harvesting without driving into the buffer zone. This could complicate 
the harvesting during periods when ground is not frozen and therefore 
the income is probably overestimated for these zones. However, selec-
tive cutting of both coniferous and deciduous trees would not be the 
optimal practice from the biodiversity perspective. Deciduous trees are 
more important than conifers for stream ecosystem functioning, and 
higher levels of deciduous tree would be preferable to promote biodi-
versity in streams (Felton et al., 2016). Deciduous trees are also 
important for terrestrial biodiversity and for many rare and threatened 
species (Bell et al., 2015, Rudolphi & Gustafsson, 2011). Furthermore, 
Norway spruce is particularly susceptible to windthrow when growing 
in monocultures and mixing spruce with more resistant deciduous trees 
would increase the stability of stands against windthrow (Peltola et al., 
2000). Riparian buffers could thus be managed for both to avoid 
excessive economic impacts and to improve the ecological functioning 
of the buffer zones. To maximize benefits and to help in the adaptation of 
the new riparian forest management, it would be important to delineate 
the future riparian buffers early on even in the young forests and then 
manage them for a multilayered, mixed-species forest (Hasselquist et al., 
2021). 

5. Conclusions 

In this article we demonstrate the utility of the topographic DTW 
index in delineating ecologically meaningful buffer zones for protection 
of streams and riparian habitats in north-boreal region. High-resolution 
DTW-based wet area maps are freely available and the use of the maps 
with a predefined threshold for DTW is straightforward. Similarly, the 
risk of erosion can be considered using RUSLE, although it might be 
necessary to focus on hotspots of the erosion to avoid unnecessary wide 
buffer zones. Buffer zones based on wet areas protect the most diverse 
plant communities in the riparian forests and are likely to be more 
efficient in protecting aquatic environments than fixed-width buffers. 
This is because they retain the important riparian features and 
biochemical processes that are dependent on hydrological connections 
on the riparian areas. Wet riparian areas include open peatlands and 
other low-productivity areas that do not significantly increase the eco-
nomic cost of a buffer zone. Selective cutting can be applied to decrease 
the costs in areas with high-value forests stands and it can also be used to 
restore the ecological functioning of the riparian zone. 
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Chytrý, M., Tichý, L., Dřevojan, P., Sádlo, J., Zelený, D., 2018. Ellenberg-type indicator 
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Dufrêne, M., Legendre, P., 1997. Species assemblages and indicator species: the need for 
a flexible asymmetrical approach. Ecol. Monogr. 67, 345–366. https://doi.org/ 
10.1890/0012-9615(1997)067[0345:SAAIST]2.0.CO;2. 

Dynesius, M., Hylander, K., Nilsson, C., 2009. High resilience of bryophyte assemblages 
in streamside compared to upland forests. Ecology 90, 1042–1054. https://doi.org/ 
10.1890/07-1822.1. 

Ellenberg, H., Weber, H., Düll, R., Wirth, V., Werner, W., Paulißen, D., 1991. Zeigwerte 
von Pflanzen in Mitteleuropa. Scripta geobotanica 18, 229–248. 

Felton, A., Nilsson, U., Sonesson, J., Felton, A.M., Roberge, J.-M., Ranius, T., 
Ahlström, M., Bergh, J., Björkman, C., Boberg, J., et al., 2016. Replacing 
monocultures with mixed-species stands: ecosystem service implications of two 
production forest alternatives in Sweden. Ambio 45, 124–139. https://doi.org/ 
10.1007/s13280-015-0749-2. 
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Kuglerová, L., Jansson, R., Ågren, A., Laudon, H., Malm-Renöfält, B., 2014b. 
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Laudon, H., Kuglerová, L., Sponseller, R.A., Futter, M., Nordin, A., Bishop, K., 
Lundmark, T., Egnell, G., Ågren, A.M., 2016. The role of biogeochemical hotspots, 
landscape heterogeneity, and hydrological connectivity for minimizing forestry 
effects on water quality. Ambio 45, 152–162. https://doi.org/10.1007/s13280-015- 
0751-8. 

Ledesma, J.L.J., Futter, M.N., Blackburn, M., Lidman, F., Grabs, T., Sponseller, R.A., 
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