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Tree crown structure plays a fundamental role in individual fitness and population dynamics. Mixed
forests exhibit wider and taller crowns compared to pure stands, yet this phenomenon is associated
with higher density and lower self-thinning—an apparent paradox. This review study aimed to
resolve this paradox and explain the ecological mechanisms governing crown allometry in mixed
stands. A systematic search was conducted in Web of Science, Scopus, Google Scholar, and SID
databases, screening experimental and simulation studies that compared pure and mixed stands. The
findings showed that in mixed forests, the crown projection area to diameter ratio (CPA/d) and the
crown length to total height ratio (cl/h) increase systematically, whereas changes in the height to
diameter ratio (h/d) depend on species shade tolerance. The apparent paradox is resolved through the
concept of more efficient crown packing, which originates from differences in the allometric
exponent (B CPA,d) among species. Four main crown development types were identified: (a)
narrow, stable crown (Norway spruce), (b) broad, stable crown (hornbeam), (c) initially small crown
with gradual expansion (beech), and (d) initially large crown with limited expansion (birch).
Complementary mixing of type (c) with type (d) species results in more efficient crown packing,
reduced self-thinning, an upward shift of the self-thinning line toward higher densities, and increased
standing stock. Equivalence coefficients based on crown projection area are introduced as a practical
tool for predicting optimal density and adjusting mixture proportions. The revealed ecological
principles are generalizable to the Hyrcanian and Zagros forests; however, determining allometric
coefficients for native species using advanced methods (e.g., terrestrial laser scanning) is
recommended as a future research priority.
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Introduction

Tree crown architecture plays a fundamental role in determining individual fitness, population dynamics, and the overall structure and
productivity of forest ecosystems. As the primary organ responsible for light interception, gas exchange, and carbon assimilation,
crown dimensions directly influence tree growth, competitive ability, reproductive success, and mechanical stability. The allometric
relationships between crown dimensions (such as length, radius, and projection area) and stem size (diameter at breast height) are
critical not only for individual trees but for entire forest stands, as they govern spatial occupancy, light competition, and self-thinning
dynamics. Recent empirical and modeling studies have revealed that crown allometry in mixed-species stands differs significantly
from that in pure stands, with trees in mixed forests developing broader and taller crowns, which generally enhance mechanical stability
but may reduce wood quality. However, an apparent paradox emerges: while broader crowns in pure stands typically correlate with
lower stand density due to intensified self-thinning, mixed forests often exhibit higher densities and sometimes greater standing stock
despite having larger crowns. This paradox suggests that fundamentally different mechanisms operate in mixed stands compared to
monocultures. This review study aims to resolve this paradox by synthesizing existing knowledge on crown allometry in mixed versus
pure stands, explaining how species interactions and neighborhood effects can simultaneously result in larger crowns, reduced self-
thinning, and higher stand density. The ecological principles revealed here, while primarily based on Central European species with
extensive available data, are generalizable to other forest types, including Iran's Hyrcanian and Zagros forests.

Methodology

This systematic review was conducted through comprehensive literature searches in major international databases including Web of
Science, Scopus, Google Scholar, and ScienceDirect, as well as Persian-language databases including SID (Scientific Information
Database) and specialized Iranian forestry journals. The search strategy employed Boolean operators (AND, OR) combining keywords
related to crown allometry, mixed-species stands, self-thinning, crown packing, height-to-diameter ratio, and equivalence coefficients.
Studies were included if they: (1) directly examined crown allometric relationships (including h/d, CPA/d, cl/h, and hcb/h ratios), (2)
compared pure versus mixed stands, (3) focused on Central European tree species or similar species relevant to Hyrcanian and Zagros
forests, (4) were peer-reviewed articles published between 2012-2025, and (5) included experimental, simulation, or systematic review
methodologies. Exclusion criteria included greenhouse studies on seedlings without field data, studies lacking pure/mixed
comparisons, and unpublished technical reports. Following screening of titles, abstracts, and full texts, data were extracted on species
characteristics, stand type, allometric indices measured, measurement methods, key findings on allometric differences, and stand
density, self-thinning, and standing stock information. A narrative synthesis approach was employed to classify and compare findings
across four main themes: changes in key allometric ratios, underlying mechanisms, relationships with stand density and self-thinning,
and generalizability to other regions.

Results and Discussion

The synthesis of experimental and modeling studies revealed that crown allometry in mixed stands systematically differs from pure
stands, with crown projection area to diameter ratio (CPA/d) and crown length to total height ratio (cl/h) increasing significantly in
mixed forests. However, changes in height-to-diameter ratio (h/d) were species-dependent, reflecting differential shade tolerance and
competitive strategies. Four main crown development types were identified based on the allometric coefficients (a~CPA,d~ and
B~CPA,d~): Type A (narrow, stable crown, e.g., Norway spruce) with low both coefficients enabling high stand densities; Type B
(broad, stable crown, e.g., hornbeam) with high intercept and low exponent resulting in early self-thinning; Type C (initially small
crown with gradual expansion, e.g., European beech) with low intercept and high exponent representing a highly successful
competitive strategy; and Type D (initially large crown with limited expansion, e.g., silver birch) with high intercept and moderate-to-
low exponent typical of pioneer species. The apparent paradox of broader crowns yet higher densities in mixed stands is resolved
through the concept of complementary crown packing, where differences in allometric exponents among species enable more efficient
vertical and horizontal space utilization. Complementary mixing of Type C with Type D species proved most effective, as birch rapidly
occupies upper canopy layers while beech gradually expands beneath, resulting in continuous and efficient light capture throughout
the rotation. This complementarity shifts the self-thinning line toward higher densities (rightward shift) and reduces the slope from the
classical -3/2 to less negative values, indicating more efficient space use. The equivalence coefficients based on crown projection area
provide a practical tool for predicting optimal density and adjusting mixture proportions. While primarily based on Central European
data, these ecological principles are generalizable to Hyrcanian and Zagros forests, though urgent field research using advanced
methods like terrestrial laser scanning is needed to determine allometric coefficients for native Iranian species.

Conclusion

This review demonstrates that crown allometry fundamentally influences forest stand dynamics, density, and self-thinning patterns, with
mixed-species stands exhibiting significantly different allometric relationships compared to monocultures. The four identified crown
development types provide a practical framework for predicting species behavior and designing effective mixed-species combinations.
The apparent paradox—broader crowns in mixed stands despite higher densities—is resolved through complementary crown packing,
where differences in allometric exponents among species enable more efficient spatial occupancy and delayed self-thinning. These findings
challenge classical self-thinning theory (the -3/2 power rule) and suggest that allometric complementarity should be considered a key
mechanism driving overyielding in mixed forests. For practical forest management, selecting species with complementary allometric types
(particularly Types C and D) can achieve higher density, productivity, and structural diversity with minimal silvicultural intervention.
Equivalence coefficients based on crown projection area offer a powerful quantitative tool for predicting optimal density and regulating
thinning operations in mixed stands. In Iran's Hyrcanian and Zagros forests, introducing complementary species could enhance both stand
stability and wood quality while addressing ongoing degradation challenges. However, determining species-specific allometric coefficients
for native Iranian species through terrestrial laser scanning and long-term monitoring is an urgent research priority. Ultimately, the
principles revealed here provide a robust theoretical foundation for moving beyond conventional monoculture forestry toward more
resilient, productive, and ecologically sustainable mixed-species forest management.
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