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Despite the limited number of studies on soil enzyme activity across developmental stages
of oriental beech (Fagus orientalis Lipsky) forests, most have focused on a narrow set of
soil variables, and the simultaneous evaluation of multivariate relationships between
enzyme activity and soil physical, chemical, and biological properties has received little
attention. In this study, acid and alkaline phosphatase activities and their relationships with
soil properties were examined across three developmental stages (initial, optimal, and
decay) of an Oriental beech forest in the Asalem region, Gilan Province, northern Iran.
Statistically significant differences in enzyme activity among stages were not consistently
observed (P>0.05); however, the pattern of relationships between enzyme activities and
soil properties was significantly reorganized with changes in forest developmental stage.
Acid phosphatase activity was mainly associated with biological indicators and organic
matter—related variables, whereas alkaline phosphatase showed closer relationships with
chemical soil properties and mineral nutrient availability. Partial least squares (PLS)
analysis indicated that phosphatase activity was regulated by multivariate and stage-
dependent interactions among soil properties, rather than by a single dominant factor.
Overall, the results of this study indicate that phosphatase activity across developmental
stages of Hyrcanian beech forests cannot be adequately interpreted solely through
comparisons of mean enzyme activity, because the relationships between phosphatases and
soil properties vary among developmental stages. Therefore, acid and alkaline
phosphatases may serve as complementary indicators for evaluating stage-dependent
changes in soil phosphorus cycling and biological soil functioning in natural beech forests.
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Introduction

Soil enzymes are among the most sensitive biological indicators of soil quality and nutrient cycling in
forest ecosystems. In particular, acid and alkaline phosphatases play a key role in phosphorus cycling
by hydrolyzing organic phosphorus compounds and converting them into forms available to plants and
microorganisms. Their activity is strongly affected by soil physical, chemical, and biological
conditions, including organic matter, microbial biomass, soil pH, nutrient availability, and moisture. In
virgin forests, these soil properties are not constant; they change gradually as forest stands pass
through different developmental stages. Oriental beech (Fagus orientalis Lipsky) forests are one of the
most important forest communities of the Hyrcanian region in northern Iran. These forests commonly
include three main developmental stages: initial, optimal, and decay stages. Each stage has distinct
structural characteristics, such as differences in tree density, basal area, canopy closure, deadwood
abundance, gap formation, and regeneration. These structural differences can modify light availability,
soil microclimate, litter input, root activity, and microbial processes. Therefore, forest developmental
stages may influence both the amount of phosphatase activity and the way these enzymes are related to
soil properties. Previous studies on soil enzymes in oriental beech forests have mostly focused on
comparing enzyme activities among stages or on a limited number of soil variables. However, the
simultaneous relationships between phosphatase activity and a broad set of soil physical, chemical,
and biological properties have received less attention. Therefore, this study aimed to evaluate acid and
alkaline phosphatase activities and their relationships with soil properties across three developmental
stages of an oriental beech forest in northern Iran. The main assumption was that the controls on
phosphatase activity are stage-dependent and that forest development may reorganize the relationships
between soil properties and enzyme activity.

Material and Methods

The study was conducted in the Nav watershed of Asalem, Guilan Province, in northern Iran. Three
one-hectare permanent sample plots were selected, each representing one developmental stage of the
Oriental beech forest: initial, optimal, and decay. These plots had previously been identified as long-
term reference plots for studying developmental stages. In each plot, 20 subplots were randomly
selected for soil sampling. In total, 60 soil samples were collected from the 0—20 cm mineral soil layer.
Soil physical properties included texture, bulk density, and moisture content. Chemical properties
included pH, electrical conductivity, organic carbon, total nitrogen, available phosphorus, potassium,
calcium, magnesium, and micronutrients such as iron, manganese, copper, and zinc. Biological
properties included microbial respiration and microbial biomass carbon, nitrogen, and phosphorus.
Acid and alkaline phosphatase activities were measured using p-nitrophenyl phosphate as the
substrate.

Results

The results showed that acid phosphatase activity differed significantly among developmental stages.
Acid phosphatase activity was 43.64, 32.22, and 41.35 pg pNP g? dry soil ht in the initial, optimal,
and decay stages, respectively. Tukey’s test showed that the optimal stage had significantly lower acid
phosphatase activity than the initial and decay stages, whereas no significant difference was observed
between the initial and decay stages. In contrast, alkaline phosphatase activity did not show a
significant difference among the three developmental stages. Its mean activity was 10.32, 13.94, and
10.52 pg pNP g dry soil h't in the initial, optimal, and decay stages, respectively. Correlation analysis
showed that the relationships between phosphatase activities and soil properties changed across
developmental stages. In the initial stage, correlations were generally weak to moderate. Acid
phosphatase was mainly associated with biological soil indicators, including microbial biomass
carbon, microbial biomass nitrogen, and microbial respiration. In the optimal stage, the number and
strength of significant correlations increased. Acid phosphatase showed positive relationships with
organic carbon, total nitrogen, available phosphorus, and microbial biomass indicators. Alkaline
phosphatase was more closely related to chemical properties such as pH, electrical conductivity, and
mineral nutrients. In the decay stage, the correlation network remained complex. Acid phosphatase
maintained stronger relationships with biological variables and nutrient-related properties, while
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alkaline phosphatase showed more limited associations, mainly with chemical and mineral soil
characteristics. PLS analysis confirmed that the multivariate relationships between soil properties and
phosphatase activities were stage-dependent. The samples from the three developmental stages
showed partial separation in the PLS biplot. Acid phosphatase was mainly aligned with biological and
organic matter-related variables, whereas alkaline phosphatase was oriented toward chemical
properties and mineral nutrients.

Discussion

The findings indicate that acid and alkaline phosphatases reflect different aspects of phosphorus
cycling in oriental beech forest soils. The lower acid phosphatase activity in the optimal stage may
indicate a more stable soil-vegetation system, where nutrient cycling is more balanced and the
biological demand for phosphorus-mineralizing enzymes is reduced. In contrast, higher acid
phosphatase activity in the initial and decay stages may be related to greater biological demand for
phosphorus, higher heterogeneity of organic inputs, and stronger microbial or root activity. The
absence of significant differences in alkaline phosphatase activity suggests that this enzyme may be
controlled more by relatively stable chemical soil properties than by stand developmental stage alone.
Its closer association with pH, electrical conductivity, and mineral nutrients supports the idea that
alkaline phosphatase mainly reflects chemical-mineral controls on phosphorus cycling. Overall, this
study shows that the interpretation of phosphatase activity should not be limited to mean comparisons
among forest developmental stages. Even when enzyme activity does not differ significantly, the
relationships between enzymes and soil properties may change. Therefore, forest development can
reorganize the soil-microbe—enzyme network without necessarily producing large changes in enzyme
activity. Acid and alkaline phosphatases can be used as complementary indicators for assessing stage-
dependent changes in phosphorus cycling and soil biological functioning in virgin oriental beech
forests.
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Figure 1. Violin plots of the activity of (a) acid phosphatase and (b) alkaline phosphatase across different
developmental stages of oriental beech forest. The boxes inside the violins represent the quartiles, and the
middle line indicates the median. Different letters indicate significant differences among developmental
stages based on Tukey’s post hoc test at the 0.05 significance level
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