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While there are many factors, including climatology, geography, topography, vegetation and soil, that affect
hydrologic processes, understanding the role of forests seems most essential, due to their manageable nature.
In this study, a holistic approach was taken, and possible factors affecting streamflow, including tree, sapling,
shrub, herb and soil strata, were measured for 29 small catchments/stream basins located in Turkey. Linear
regression models were developed in order to estimate water flow (m*ha™). Several models were suggested
for use in practice. These models were based on the data on hand and displayed a sufficient level of explained
variance in the dependent variable. Model 5, based on the variables of catchment area (ha), drainage density,
ratio of coniferous stand areas in the catchment (%), tree volume (m*ha™"), leaf area index, number of short
saplings (number-ha™), and topsoil sand rate (%), was recommended for flow estimation, achieving a
0.73 adjR’? value for test data. These variables can be obtained as part of a survey and water managers can
use them to estimate water flow of the catchment. The generated models can be used in multiple-use
planning of forests, e.g. in adjusting the volume of stands to get optimum benefit from wood and water
production. One of the most interesting results and one that was opposite to that documented in the general
literature, was the positive correlation between tree volume and flow per hectare, which suggests a strategy
of growing older tree stands to enable greater water production.

INTRODUCTION

The water availability of a region does not solely depend on the amount of precipitation. In fact,
attributes like land form, geological and lithological basis, soil characteristics, temperature,
precipitation pattern and its seasonal distribution are also important. With their variable structure,
forests also play an important role in the hydrological cycle and have an impact on water quality
and quantity. As many catchments in Tiirkiye are more or less covered with forests, applied forestry
techniques are one of the most important tools that can contribute to achieving optimal water
production goals. As a result, vegetation management is a concept that has recently been emphasized
for the sustainability of water resources. One of the key issues faced by forest managers is to adjust
their contribution to water resources and ecosystem functioning while also trying to maximize the
multiple benefits of forests. In order to achieve this, policies guided by understanding forest and
water interactions, and promoting capacity building on forest hydrology, should be implemented.
Debates regarding the hydrological role of forests are ongoing. Stolton and Dudley (2007) stated
that some of the benefits that are considered to be provided by forests are sometimes misjudged, and
argued that, in many cases, forests don't increase the flow of water in catchments — in fact usually the
opposite occurs, and they are not very effective in controlling floods. The impact of forests depends
on many factors, such as age, tree species, density, soil, climate and management regime.

The topographic characteristics of catchments and forest/soil structure play a role in the quantity
and quality of the water that reaches the streams, by affecting the elements of the water budget
(interception, evapotranspiration, surface and subsurface flows) and the water collected through
them in areas such as dams and ponds. Understanding these relationships and obtaining various
data is a prerequisite for successful forest management that meets the demands for various forest
services. Determining the water flow in catchments and defining the aforementioned relationships
is a complex issue. Even though years have passed since various catchment studies were conducted,
the interactions between different tree species and their ages, different soil types and management
types and water flow have not been understood at the desired level and it is difficult to make accurate
estimations (Stolton and Dudley, 2007).

As it is difficult to determine all the factors related to the hydrological function of forests in a single
study, the studies documented in the literature have each addressed the subject by focusing on various
specific issues. While some researchers have investigated the effect of vegetation cover and land use in
different regions (Stednick, 1996; Sun et al., 2005; Huff et al., 2000; Bent, 2001; Zhang et al., 2013; Van
Beusekom, 2014; Quyen et al., 2014; Roberts, 2016), others have attempted to demonstrate the effect
of catchment characteristics on water yield or quality (Pilgrim et al., 1982; Price et al., 2011; Dhanya
and Sajna, 2014; Meraj et al., 2015).

In order to realize an effective water policy and management, catchment processes and flow dynamics
should be understood scientifically (Price, 2011). Among the many factors that affect hydrological
processes, forest stands are important due to their manageability and the high human impact on
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their structure and distribution. The issue of how some forestry
practices affect water yield under the same climatic conditions
has been emphasized for more than a century in the United States
of America, and studies have been carried out at the catchment
scale, which is accepted as a hydrological unit (Ozhan et al., 2008).
Despite the important functions forests perform, the relationships
between forest structure and the water cycle are not yet well
understood (Wheeling, 2019). This is also valid for most regions
of the world - e.g. Sun et al. (2018) pointed out that the effects of
forest structure on hydrological processes in China were not fully
comprehended.

Ultimately, despite the studies in the literature, general
information about the factors affecting hydrological processes in
catchments has not yet been compiled. Therefore, the number of
regional studies must be increased. For this purpose, water yield
measurements were carried out in 29 micro-catchments and data
related to the attributes that were thought to influence water flow
were collected. Regression models were developed to predict
water flow from the unit area of the catchments in the province of
Diizce, which is located in the West Black Sea Region of Tiirkiye.

METHODS
Study area

This study was conducted in 29 catchments located in the north
and the southeast of the province of Diizce, the streams of which
reach the Diizce plain. The study area is located in West Black
Sea region of Tiirkiye, between 40°37°18” and 41°06’58” N and
30°50’14” and 31°51°13” E. The altitudes of the downstream points

of the catchments varied between 520 and 1 530 m amsl (Fig. 1).
The catchments were located in mountainous forest areas and
generally more than 90% of the catchment areas were covered by
forests. The main tree species were fir (Abies nordmanniana), beech
(Fagus orientalis) and oak (Quercus sp.). The oaks were located in
lowlands, while the beech and fir were located in uplands. Scotch
pine (Pinus sylvestris) were also present in the uplands.

The average annual precipitation in Diizce is 818.4 mm, with
most of it falling in October and March. The average annual
temperature is 13.2°C. The coldest month of the year is January
with a mean temperature of 3.9°C, while the hottest month is July
with a mean temperature of 22.6°C (Yavuz, 2013).

Characteristics of the catchments

Catchment characteristics are various formal, spatial and
hydrological features of catchments, such as elevation, slope,
drainage density, stream frequency, that affect the water yield.
Zengin et al. (2017) calculated the form factor (F), drainage
density (Dd), circularity ratio (Rc), elongation ratio (Re),
elevation and slope of the catchments in their study area by using
geographic information systems and various equations. The
values they determined in order to examine effects on water yield,
interactively with other above/below-ground spatial attributes,
were also used in this study. The area of the catchments ranges
from 8.6-449.3 ha, with most <75 ha. The circularity ratios of the
catchments were from 0.4-0.9, while their elongation ratios varied
from 0.23-0.50. Form factors were between 0.3 and 1.0, while the
drainage densities range from 2.3-5.5. The average slopes of the
catchments are 30-55%.

Watershed
(25-29)

Watershed
(1-9)

0 7500 15000

Meters

1800

Elevation (metersy | 800-1000

-2000 [ 600-800

1600 -
B 1400-
B 200-
B 000-

Watershed
(10-24)

1800 [ 400 -600
1600 200-400
1400 5-200
1200

Figure 1. Location of the catchments in the study (from Zengin et al., 2017)
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Forest structure

To determine the relationship between forest structure and water
yield of the catchments, various structural features of the stands,
such as volume, basal area, and tree density, were recorded by
a survey. Although the forests covering the catchments were
broadly grouped as coniferous, broadleaved, or mixed, these
groups consisted of different stands, classified according to the
degree of closure, age or diameter at breast height of the trees.
In most of the catchments, mixed stands (17) and broadleaved
stands (10) were dominant.

In order to analyse the relationship between the dynamic
characteristics of the forest and the water vyield, these
characteristics had to be determined on a catchment basis. With
the field survey, these variables were determined for stands in the
catchments, and then average values obtained for each catchment
based on these stands. As the area of each stand was different, the
average volume, basal area and tree density for each catchment
were calculated using weighted averages based on stand area. Tree
volume ranged from 188-935 m*ha™ in all catchments, while
basal area was found to be 21-68 m*ha'. Tree densities were
between 188 and 1 446 individuals-ha™.

Ground cover and litter

In order to determine the effect on water yield, the thickness (cm)
and weight (kg'ha™'ha™) of the litter cover in each catchment, and
the average height, number and percentage cover of the herbaceous
strata were determined. The leaves, decaying vegetation and humus
in an area of 50 cm x 50 cm were collected and taken to the labora-
tory in order to determine the weight of the litter layer. In addition,
litter thickness was determined at 5 randomly selected points in the
sample plot. The ground cover was divided into four groups — long
sapling, short sapling, shrub and herb - and their values on a stand
and catchment basis were calculated separately based on percent-
age cover and height. Saplings taller than 1.30 m were grouped as
long, while those >1.30 m were grouped as short. Woody species, in
particular Rhododendron ponticum found under beech forests and
Rubus sp. in some areas, were evaluated as shrubs and their average
length and soil coverage in the sample areas were determined.

Saplings, shrub and herb layers and other features such as litter
weight and thickness did not show a homogeneous distribution

in the catchments. While long saplings were almost nonexistent
in some catchments (for example 6 individualsha™ in catchment
no. 7), it was higher than 1 000 in some catchments (1 671
individuals-ha™ in catchment no. 11). Therefore, these values,
which were thought to influence the amount of water reaching
the streams, were determined separately for each catchment.

The shrub layer reached an average height of more than 1 m in
some of the catchments (Fig. 2). Rubus sp. and Rhododendron
ponticum were the most common species in terms of shrubs. Ferns
(Pteridium sp.) determined to be part of the herbaceous layer were
found to be more than 1 m tall in some stands. The percentage
cover of the shrub layer reached 80% in some catchments, while
the herbaceous layer reached a percentage cover of approximately
60%. Litter thickness was found to vary between 2 and 4.8 cm,
while litter weights varied from 1 500-7 678 kg-ha™".

Soil characteristics

In terms of soil characteristics, soil texture, soil depth, soil
permeability, water-holding capacity, bulk density, particle density
and porosity were determined. For this purpose, at least one soil
pit was dug for each stand type in the catchments: a soil sample
was taken with a shovel from the upper (0-20 cm) soil layer and
an intact core soil sample was taken from the lower (20-40 cm)
soil layer.

The sand content was generally higher than 50% in both the
upper and lower soil layers of the catchments. The soils are
sandy-loam or sandy-clay-loam. The upper soil bulk density in
the catchments varied from 0.8-1.5 grcm™, while the lower soil
bulk density varied from 0.9-1.8 g.cm™. In some catchments, as
in Catchments 2, 3 and 4, the upper soil porosity was above 60%,
while in others, like Catchments 16, 17 and 27, it was lower than
30%. Although its porosity was low, the water-holding capacities
of the subsoil varied from 10-60%, while it varied from 15-54%
for topsoil. The highest water-holding capacity in the subsoil was
observed in Catchment 1, with a value higher than 40%, while the
lowest was determined in Catchment 17 at 11.4%. In Catchments,
1-4, topsoil permeability was relatively high, with values higher
than 400 mm-h™' observed. However, in Catchment 16 it was only
approx. 5 mmh™. The subsoil permeability was also lowest in
Catchment 16, at 1.6 mmh™".

Figure 2. Ground cover in some of the catchments (Rhododendron ponticum, Rubus sp., Pteridium sp., respectively)
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Water level measurements

The water levels were measured over a 2-yr period in square or
rectangular culverts located at the outlets of the catchments.
The water level recorders were placed inside metal cylinders
for protection. In order to calculate the water flow rates, water
velocities were measured at 15-day intervals with the help of a
small flow meter at 3 different points of the culvert section. These
measurements were used to determine the level-flow relationship.
Using these equations, the water yields for each catchment were
calculated monthly and then annually. When the 2-yr average
water yields were examined, it was observed that the highest
water yield of 2 795 732 m*yr! was determined in Catchment 16,
which had the largest area (449.3 ha). The minimum water yield
of 30 446 m? -yr~! was observed in Catchment 3, one of the smallest
catchments at 12.8 ha (Table 1).

While the water yields in the first year (December 2014-
November 2015) generally reached the highest level in April-May,
the water yields in the second year (December 2015-November
2016) generally reached the highest level in February. The annual
total precipitation in the first year was higher in all catchments
compared to the second year. Some catchments dried out towards
the end of summer and early autumn, while the water level in
some catchments increased after July due to precipitation.

Data analysis

By evaluating the data initially on a the sample plot basis and
then in terms of unit area (ha), data related to forest structure
were obtained for different layers (tree, sapling, shrub, herb,
litter) to use in the statistical analysis. The average values for the
catchments were determined by evaluating the sample areas in
each catchment. Observations on stream flow were made for 29
basins over 2 years and a total of 58 observations were obtained.
The data for the tree and soil layer were obtained by the survey
conducted once in the middle of the study period.

The relationships between water flow and environmental
(catchment, forest and soil) variables were determined by multiple

linear regression analysis. In these analyses, water flow of the
catchments was considered as the dependent (response) variable,
while catchment, forest and soil characteristics were considered
as the independent variables (predictors). A randomly selected
sample of 70% of 58 observation points were used to obtain a
model (training data) and the remaining 30% were used to analyse
the validity (test data) of the model obtained.

The number of candidate variables included in the model was
first reduced by removing highly correlated variables. These
environmental variables (predictors) were hierarchically clustered
using Pearson correlations with the corrplot package (Wei and
Simko, 2017) in the R statistical software (R Core Team, 2021).
In clustering, the hclust algorithm and ward.D as the distance
method was used. To avoid problems arising from predictor
collinearity, we retained only one of the predictors in a cluster for
modelling purposes. As a result, a subset consisting of 23 variables
was used (Fig. 3, Table 2).

Ultimately, a total of 7 models for estimating water flow were
built and examined. The all-subsets regression approach shows
only the variables which are suited to enter the model based on
Mallows’ Cp. We entered these variables and run the model for
regression analysis to get the statistical performance values. A
backward stepwise approach was then used to simplify the base
linear model and step-by-step variables with low impact were
excluded from the analysis. An evaluation regarding whether
there was autocorrelation among the independent variables was
done using the Durbin-Watson test. VIF and tolerance values
were checked for multicollinearity among the variables and to get
generalizable models.

Initially, multiple regression analysis was performed with 23
variables, and non-significant variables were removed from
the models at the 0.05 significance level. In this way, a basic
model was created with 12 variables for flow. In determining
the potential variables to include in different models, the all-
subsets regression method was first used, but models in which
the individual contributions of the variables were non-significant
were not included.

Table 1. Two-year average of water yields, amount of flow from the unit area and runoff coefficients of the catchments

Catchment Area  Water Flow Precipitation ~ Runoff = Catchment Area  Water Flow Precipitation  Runoff
No. (ha) yield (mm-m-2yr) (mm) coefficient No. (ha) yield  (mmm=2yr7) (mm) coefficient
(m*yr) (m>yr)

1 104.7 974383 930 1569 0.59 16 449.3 2795732 625 1808 0.35

2 21.7 272445 1258 1584 0.79 17 17.4 62375 357 1789 0.20

3 12.8 30446 242 1604 0.15 18 111.7 634993 569 1783 0.32

4 1.2 41207 369 1730 0.21 19 230.2 1020196 443 1792 0.25

5 8.8 85502 973 1740 0.56 20 26.8 343581 1281 1777 0.72

6 19.7 74 836 381 1743 0.22 21 22.7 144705 637 1756 0.36

7 8.0 57 847 722 1709 0.42 22 128.5 1024197 797 1782 0.45

8 370 267139 722 1591 0.45 23 394 377163 958 1746 0.55

9 426 388351 913 1450 0.63 24 1121 418630 374 1439 0.26

10 63.1 334817 531 1625 0.33 25 778 356660 458 1323 0.35

11 50.8 289379 569 1673 0.34 26 35.1 160 154 457 1326 0.34

12 176.7 1212769 686 1641 0.42 27 132.7 506 669 382 1382 0.28

13 108.6 928930 855 1750 0.49 28 71.8 403100 561 1368 0.41

14 15.9 187850 1183 1758 0.67 29 14.0 65078 466 1384 0.34

15 51.6 494076 958 1778 0.54
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Figure 3. Correlation matrix between 44 predictors and 3 response variables

Table 2. Variables and abbreviations

Abbreviation

Definition

Abbreviation

Definition

Flow

Water flow per ha (m*ha™)

Snd20

Sand percent of topsoil (0-20) (%)

Sand percent of subsoil (20-40) (%)
Percent of mixed stands /%)

Number of trees (number-ha™)

Number of short saplings (number-ha™)
Number of long saplings (number-ha™)

Topsoil permeability (mm-h™)
Subsoil permeability (mm-h™)

Mean slope of the catchments (Degree)
Topsoil water holding capacity (%)
Subsoil water holding capacity (%)
Dust percent of topsoil (0-20) (%)

Dust percent of subsoil (20-40) (%)
Topsoil particle density (g-cm=3)
Subsoil particle density (g-cm™3)

Runoff Runoff coefficient of the catchments Snd40

A Catchment area (ha) 0o Ky

Ay Percent of open areas (%) o N

BH20 Topsoil porosity (%) O  Nkg

BH40 Subsoil porosity (%) X Nug

Dy Drainage density 0O OOa Litter weight (kg-ha™)
Form Form factor X  Ook Litter thickness (cm)
G Basal area (m*ha™") X P20

H Elevation above sea level (m) O P40

HA20 Topsoil bulk density (g-cm™3) 0O Precip Precipitation (mm-yr™)
HA40 Subsoil bulk density (g:cm™3) X Rc Circularity ratio

H¢ Height of the shrub layer (m) 0O Re Elongation ratio

Hot Height of the herb layer (m) o S

iy Percent of the coniferous stands(%) O STK20

K_alt Percent of whole understory (%) 0 STK40

K¢ Percent of shrub layer (%) X  Dst20

Kg Percent of saplings (%) X  Dst40

Cly20 Topsoil (0-20) clay rate (%) O TY20

Cly40 Subsoil (20-40) clay rate (%) X TY40

Kk Percent of short saplings (%) X Vv Tree volume (m*ha™")
Ko Percent of herb layer (%) X YAl Leaf area index

Ku Percent of long saplings (%) X Yy

Percent of broad-leaved stand areas in the catchment (%)

o/ X: Variables used as a predictor in regression analysis/removed from analysis
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RESULTS

The effects of forest, soil and catchment characteristics on stream
flows, runoff coefficient and water yield were examined, and the
regression models were built by evaluating all the variables that
were thought to be effective as predictors. There are 12 predictors
in the base model (Model 1) to estimate streamflow. Area (A),
drainage density (Dy), percentage of coniferous stand areas in
the catchment (Iy), tree volume per ha (V), leaf area index (YAI),
number of short saplings per ha (Nkg), height of the shrub layer
(Hg), topsoil sand rate (Snd20), topsoil clay rate (Cly20), topsoil
bulk density (HA20), topsoil particle density (TY20) and topsoil
porosity (BH20) are significant variables for predicting flow
(Table 3). One can use the B values in Table 3 to build an explicit
model; statistical performance values can be found in the other
rows. The p-value for all 12 variables is less than a significance level
0f 0.01 and these variables account for 82% of the variability in flow.
The model predicts streamflow with a percentage error of 18%.

Table 3. Regression models to estimate flow (m*ha™")

When the model was applied to test data an adjusted R* value of
0.77 was obtained and percentage error was 0.20. The Durbin-
Watson value of Model 1 was 1.98, which is close to 2, and shows
that the assumption that the residual terms are uncorrelated has
almost certainly been met. However, all of the metrics mentioned
are suitable for Model 1 but we eliminated some variables to meet
regression assumptions. Unfortunately, the VIF value, at 14.7,
is substantially greater than 1 and shows the regression may be
biased.

Model 2 was obtained by removing the YAI and Cly20 variables in
Model 1. Both the model as a whole (p < 0.001) and the variables
entered in the model are significant (p < 0.05). With the exclusion
of the two variables, the value of adjR* decreased in Model 2 and
the remaining variables could explain 73% of the variability in the
flow. As in Model 1, the VIF value is still greater than 10, which
indicates that there may be multicollinearity between the variables
and the b coefficients cannot be trusted.

Model 1 AdjR*=0.82 SE=124.9 RSE=0.18 p<0.001 RSE_pre=0.20 R>_pre=0.77 D-W=1.98 VIF=14.7
Int A Dy ly % YAI Nkg H¢ Snd20  Cly20  HA20  TY20  BH20
B -6 837 214 277.05 11.91 1.077 16419 -0.599 -389.19 31.027 26.79 30715 -13739 64.25
SEB 9849 0.37 49.19 2.27 0.176 55.30 0.116 127.12 5.83 8.96 615.8 366.19 14.27
B 0.73 0.59 0.48 0.82 0.27 -1.12 —-0.47 1.10 0.57 2.40 -0.97 2.56
p <0.001 <0.001 <0.001 <0.001 <0.001 <0.01 <0.001 <0.001 <0.001 <0.01 <0.001 <0.001 <0.001
Model 2 AdjR?*=0.73 SE=150.6 RSE=0.22 p<0.001 RSE_pre=0.29 R> pre=0.60 D-W=1.95 VIF=14.6
Int A Dy ly Vv Nkg Hg Snd20 HA20 TY20 BH20
B -4299 1.225 268.2 10.01 1.143 -0.750 —-494.8 13.73 26217  -1029 50.7
SEB  849.9 0.339 59.1 2.67 0.196 0.132 146.2 3.48 718.9 424.6 16.4
B 0.42 0.57 0.40 0.87 -1.40 -0.60 0.49 2.05 -0.73 2.02
p <0.001 <0.01 <0.001 <0.001 <0.001 <0.001 <0.01 <0.001 <0.01 <0.05 <0.01
Model 3 AdjR*=0.69 SE=162.4 RSE=0.24 p<0.001 RSE_pre=0.33 R?> pre=0.48 D-W=2.08 VIF =4.31
Int A Dy ly Vv Nkg H¢ Snd20  HA20 BH20
B -3143 131 325.37 9.67 1.246 -0.837 -486.86 12.35 1031.3 13.51
SEB 7585 0.363 58.43 2.88 0.206 0.137 157.6 3.71 316.5 6.19
B 0.45 0.69 0.39 0.95 -1.56 -0.59 0.44 0.81 0.54
P <0.001 <0.01 <0.001 <0.01 <0.001 <0.001 <0.01 <0.01 <0.01 <0.05
Model 4 AdjR*>=0.65 SE=172 RSE=0.25 p<0.001 RSE_pre=0.36 R’ pre=0.42 D-W=2.28 VIF=3.27
Int A Dy ly v Nkg Hc¢ Snd20  HA20
B —-1886 0.917 280.83 10.54 1.303 -0.864 —44545 1375 534.3
SEB  522.8 0.335 57.98 3.02 0.217 0.145 165.69 3.86 232.84
B 0.31 0.59 0.42 0.99 -1.61 -0.54 0.49 0.42
p <0.01 <0.05 <0.001 <0.01 <0.001 <0.001 <0.05 <0.01 <0.05
Model 5 AdjR*=0.63 SE=175.9 RSE=0.26 p<0.001 RSE_pre=0.23 R?> pre=0.73 D-W=2.27 VIF=174
Int A Dy ly Vv YAI Nkg Snd20
B -2081 1.297 2237 7.92 1.370 183.2 -0.499 12.65
SEB 4759 0.37 51.64 2.79 0.191 7294 0.08 3.29
B 0.44 0.47 0.32 1.04 0.30 -0.93 0.45
p <0.001 <0.01 <0.001 <0.01 <0.001 <0.05 <0.001 <0.001
Model 6 AdjR>=0.58 SE=189.6 RSE=0.27 p<0.001 RSE_pre=0.27 R*> pre=0.70 D-W=2.29 VIF=1.65
Int A Dy ly Vv Nkg Snd20
B -1143 0.916 195.5 6.32 1.272 -0.51 9.46
SEB 3179 0.364 54.32 293 0.202 0.09 3.27
B 0.31 0.41 0.25 0.97 -0.95 0.33
p <0.01 <0.05 <0.01 <0.05 <0.001 <0.001 <0.01
Model 7 AdjR*=0.53 SE=199.5 RSE=0.29 p<0.001 RSE_pre=0.29 R* pre=0.54 D-W=2.31 VIF=1.65
Int A Dy \" Nkg Snd20
B -1076 0.862 186.5 1.227 —-0.439 9.23
SEB 333 0.382 56.99 0.21 0.09 343
B 0.29 0.39 0.93 -0.82 0.33
p <0.01 <0.05 <0.01 <0.001 <0.001 <0.05

AdjR% adjusted R? (coefficient of determination) obtained with training data; SE: residual standard error with training data; RSE: relative standard error
or percentage error with training data; RSE_pre: relative standard error with test data; R?_pre: adjusted R? obtained with test data, D-W: Durbin-Watson
value; VIF: variance inflation factor; Int: intercept (constant); B: coefficients in the model; SEB: standard error of B; : standardized B; p: significance level
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Model 3 is obtained by removing the TY20 variable in Model
2. All variables and the model as a whole are significant. This
model’s adjR? value is 0.69, and the model predicts streamflow
with a percentage error of 24%. The average VIF value is less than
10 and the Durbin-Watson value is 2.08. This means that there
is no autocorrelation and collinearity between model variables.
In detailed analysis, it was observed that tolerance values of all
independent variables were greater than 0.1. However, tolerance
values, at less than 0.2 of Nkg, HA20 and BH20, indicate a
potential problem. Model 3’s success in predicting test data was
also very low. While the model can explain 48% of the variability
in flow in test data, it predicts flow with a percentage error
of 33%.

Model 4 was obtained by removing the BH20 variable from Model
3. In this way, a model was created in which the variables were
significant and the adjR* value was obtained as 0.65. The success
of the model’s flow estimation from the test data is low; the adjR®
value in this case is 0.42 and the percentage error is 36%. Despite
this, the average of VIF and Durbin-Watson values are within the
limits required for assumptions to be accepted; tolerance values of
independent variables are above 0.2 except Nkg (0.123).

Model 5 was obtained by removing the H¢ and HA20 variables
in Model 4 and adding the YAT variable. The model is significant
as a whole (p < 0.001) and all variables except YAI (p < 0.05) are
also significant at p < 0.01. For Model 5 the VIF values are well
below 10 and average VIF value (1.74) is very close to 1. Also the
tolerance statistics are all well above 0.2. Based on these measures
it can be safely concluded that there is no multicollinearity within
the data. AdjR® value of the model is 0.63 and the model predicts
flow with a percentage error of 26%.

Interestingly, performance of Model 5 on test data is better and
the variables in Model 5 account for 73% of the variability in flow
by predicting flow with a percentage error of 23% (Fig. 4).

Model 6 was obtained by removing variable YAI from Model 5.
In this way, the adjR* value was decreased to 0.58, but despite this
the percentage error (27%) was not increased much. All variables
in the model make a significant contribution (p < 0,05) to predict
flows. Furthermore, for Model 6 the VIF values are well below 10
and average VIF value (1.74) is very close to 1. Also the tolerance
statistics are all well above 0.2. Overall, based on these measures
it can be safely concluded that there is no multicollinearity within
the data. On the other hand, performance of Model 6 on test
data was not as good as Model 5. Model 7 has an adjR’ value of
0.53 and percentage error of 29%. In this model, the indicators of
VIF (1.65) and D-W (2.31) are within the thresholds to meet the
assumptions of linear regression. Despite this, as with the training
data, success of Model 7 in predicting flow from test data is not
very high in terms of R>_pre (0.54) and percentage error (29%).

DISCUSSION

A total of 7 models to estimate water flows were created and
examined with measurements made in a humid climatic region
of Turkiye. All of these models are statistically significant
(p < 0.001), as are the variables and constant terms in the models
(p < 0.05). As the number of variables in the models increase,
the degree of explanation of the variation in the dependent
variable generally increases. Accordingly, different models may
be preferred according to data availability in practice. However,
it is also necessary to evaluate the percentage error of the models
alongside adjR?, the level of success in estimating from the test
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Figure 4. Performance of flow models on test data
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data, and the regression assumptions provided. For example,
although the criteria values for model fitting and testing are good
for Model 1, the high VIF value indicates that there may be errors
in the estimations and it is necessary to act cautiously.

Although the adjR* values for Model 1 and Model 2 related to flow
are high, both contain a large number of variables and high VIF
values can create a limitation to application. Model 3 and Model
4 also have high percentage errors in estimating test data, and
adjR? values are relatively low. Model 5 with the best performance
indicators can be recommended for flow estimation as follows:

Flow = -2 081 + 1.297A + 223.7D, + 7.92I, +
137V - 183.2YAI - 0.499N, + 12.655nd,,

Similarly, by using the B values (coeflicients in the model) in
Table 3, one can obtain the open type of the other models. In
Model 5, 63% of the variability in the flow could be explained with
7 variables. The success of this model in estimating test data is
also quite high (adjR* = 0.73; percentage error = 23%). Variables
for catchment characteristics (A, Dy), stand (Iy, V, YAI and Nkg)
and soil (Snd20) attributes are included in Model 5. Although
the regression coefficient of Nkg was negative in the obtained
equation, it was seen that the correlation values between area
(A) and conifer percentage (Iy) with flow were also negative. The
correlation value between the tree volume per ha and flow per ha
is positive. This is one of the most interesting results of the present
study. This means that the catchments with higher tree volumes
were superior to the others in terms of flows. This study was not
designed to intervene in the tree layer in order to compare the
catchments with a control catchment, such as in paired catchment
treatments, but it compared 29 catchments with different
stand parameters, such as tree volume per hectare. In a paired
catchment treatment, it is not possible to evaluate the correlations
between the predictors and flow. One tries to find catchments
that are as similar as possible in terms of precipitation, catchment
characteristics, tree species, etc., and the effect of the changes in
forest structure, like basal area or volume reduction with thinning,
on flow is evaluated. In order to try more treatments, more than
two similar catchments are needed. Finding similar catchments is
generally a constraint or limiting factor to realize the study and
the requirement for a calibration period causes the results to be
obtained over a longer time period.

Generally, it is thought that removing stems via timber harvests
and altering the standing stock of forests reduces transpiration
and interception, resulting in an increase in water yield (Douglass,
1983; Troendle and King, 1985). Trimble (1963) reported that
increases in water yields were roughly proportional to the
amount of timber removed. Filoso et al. (2017) found that in
approximately 80% of all cases they evaluated regarding annual
water yields, the effect of forest restoration and other forms of
forest cover expansion was negative (i.e., water yield decreased),
while the effect was positive in 6%, unchanged in 7%, mixed
in 5% and unclear in 2%. Andréassian (2004) determined that
although forest alteration is always immediately followed by a
period of water yield increase, the subsequent recovery period
(forest regrowth) may or may not be characterized by a decrease
in water yield. This can be due to the fact that, despite having
higher tree volumes, mature or old stands consume less water by
transpiration, which was also valid in the present study. Here also
the cause-effect relationship can be considered in two ways and it
can be interpreted that the stands develop better and reach high
volumes where the flow is high. Since the catchments studied are
all close to each other and receive similar precipitation, and the
volume of the stands in the area is controlled by management, it
is more logical to interpret the results as inferring that high stand
volumes result in higher flows.
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The amount of water flow and % herbaceous cover in the area
was also found to be positively related, whereas it was negatively
related to sapling and shrub percentages. The number of saplings
was quite high in the fir and fir-dominated mixed stands that
form mixed-aged and vertical stratified structures. This situation
can also make a contribution to the negative correlation between
flow and percentage of coniferous stands in the catchment. As a
matter of fact, ferns stood out in the areas where the percentage of
herbaceous cover is high and this was an indicator of humid sites.
Ozyuvaci et al. (2004) conducted an experiment with a selective
cutting treatment to alter the basal area of a forest by 11% and
found that after an increase the streamflow decreased with the
growing vegetation. A forest that is not dense but whose crown
closure allows light to penetrate to the ground, allowing only the
grass and forb layer to grow and not shrubs and other woody
species, is thought to be suitable to increase stream flow. Beyond
this, decreasing the crown closure also results in a decrease in
water flow by enabling the shrubs or saplings to grow denser in
the area, or can result in more sunlight reaching the soil which
will affect the evapotranspiration conditions.

Soil properties also have a large effect on the water yield of the
catchments, in terms of the amount of flow per unit area. The
number of subsoil properties that affect water yield is greater than
for the topsoil. In general, because subsoil properties were found
to be highly correlated with topsoil properties, subsoil variables,
which are more difficult to measure, were not included in the
models. The increase in the sand content in the topsoil (Snd20)
makes a positive contribution to the water flow and this generally
took place in all of the models.

Using the suggested model (Model 5), water managers or
specialists dealing with forest management and planning can
estimate the water yield of catchments. Of course, theoretically
it is not possible to change catchment characteristics or soil
properties, whereas they can manage the stand volumes to
influence water yield. However, although the catchment and soil
characteristics are not manageable, they can be used to determine
how suitable the catchments are for water production. In a
multiple-use system, sometimes it is not possible to provide more
than one ecosystem service from the same area, and separation
of uses via zoning may be necessary. In a circumstance like this,
there is also a need to assess the priority of ecosystem services
or the suitability of catchments for different ecosystem services.
It is not possible to increase land or forest areas proportional to
human population and multiple-use management of forests will
become invaluable in the near future. The models suggested in
this context will assist in such cases.

Since the amount of flow was explained by many variables in
the models, the practical usage or advantage of models can be
interpreted as limited. Sometimes it may not be possible to use
a model consisting of such variables as it can be difficult, time-
consuming or expensive to obtain the value of the independent
variables for catchments. For this reason, we suggested more than
one model. Although the performance of Model 6 and Model 7
is lower than Model 5, they can be used depending on the data
available. In our analysis, models with less than 5 variables can
only explain the variability of flows with a R* value of less than
50%, which is why we have not provided them here.. While the
variables in our models can be gathered by a special survey, they
also can be obtained from some literature or some GIS techniques,
or even using some assumptions.

In forestry, the term ‘site index’ is used to indicate the productivity
of an area in terms of wood production. The better the site index
is, the better the trees develop there, and reach larger volumes.
Of course, the growth of trees depends on many factors, such as
climate, topography and soil characteristics, but all these factors
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are expressed within the single term of site index. In terms of water
production, a similar site index approach could be developed as
a collective indicator of catchment and soil properties or other
factors. In this way, models can be expressed with fewer variables,
but more work is needed at the theoretical and practical level to
enable this.

CONCLUSION

Understanding the relationships between flows and the variables
affecting flow is a prerequisite for successful and sustainable
management of forests and attaining optimal benefits from water
resources. In this study we analysed the effect of many variables,
including topography, forest stands, above-ground and soil, and
presented some equations as regression models to be able to
estimate flows. Based on the data on hand, researchers can select a
suitable model. Because of their manageable nature, relations with
the variables relating to stand structure were especially sought, and
models involving tree volume per hectare were generated. One
of the most interesting results and one that was counter to that
documented in the general literature, was the positive correlation
determined between tree volume and water flow. This suggests
a strategy of growing larger/older trees in the catchments is
advantageous to increase water yield. In addition, attention must be
given to not decreasing crown closure, in order to prevent the growth
of shrubs. An attempt was made to predict various features of the
hydrological cycle by generating equations in the form of regression
models. These models contain many variables but can be easily
used in estimates if they are formulated through a comprehensive
ecosystem survey. Although these models are useful for both water
resource management and also for forest management, they need to
be regionally developed, tested or calibrated.
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