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orest structural complexity — the three-dimensional arrangement of trees, understory,

deadwood, and soil architecture — strongly mediates how forests intercept, store, route
and cycle water and nutrients. Structural complexity operates across scales (leaf — tree —
stand — landscape) to control microclimate, canopy interception, throughfall heterogeneity,
evapotranspiration, soil moisture distribution, decomposition pathways and ultimately carbon
and nutrient stocks. Below is a concise, actionable synthesis you can use for a review, study
design, or management brief.

What we mean by structural complexity

Structural complexity is multi-faceted. Typical components/metrics:

o Vertical structure: canopy height, layering (strata count), foliage height diversity
(FHD).

e Horizontal structure / spatial heterogeneity: gap fraction, crown cover patchiness,
clumping index.

o Tree size distribution & diversity: dbh distribution, coefficient of variation of tree size,
presence of large old trees.

o Deadwood & coarse woody debris (CWD): volume, distribution and decay classes.

o Understorey complexity: shrub/ground vegetation cover and biomass.

o Root complexity & soil architecture: rooting depth distribution, macroporosity.

Quantitative metrics: FHD, rugosity, canopy cover variance, Gap Probability Function,

LiDAR-derived percentile heights (P25, P50, P95), vertical complexity indices, and structural

equation descriptors.

Mechanisms linking structure — hydrology
1. Interception & canopy storage
e Multi-layered canopies increase interception capacity and residence time of rainfall; more
strata — greater evaporation from canopy surfaces — reduced throughfall volume and
altered pulse timing.
. Throughfall heterogeneity & stemflow
e Complex canopies create spatially patchy throughfall and concentrated stemflow near
trunks; this produces “hotspots” of infiltration and biogeochemical fluxes.
. Microclimate modulation
e Canopy density and vertical layering buffer solar radiation and wind, reducing
evaporative demand, lowering vapor pressure deficit (VPD) beneath canopy and altering
transpiration dynamics.
4. Rooting and soil water dynamics

ACRI MACATINE ISSN: 3048-8656 Page 362

L

T

Qs

o

SC 2
,\% @@ G \%g‘*\‘%

P

s

i

o 2
S G

(&)

N

i

© rr/@

C%f‘fg'w

%

e

i ,“rr/@

Tt

e G 28

5

S

O ([

(&)

it

)

]

O ([

w@ o G

it

)

@

O ([

&
w@ o G

D C

it

@

O ([

e G

&
(o)

iz

g

e G

]
(o)

O ([

e G

]
(o)

&
st
RO GV

o
(o)

eV
(@)

o Cébé%u(@

Y

I C

o Q‘mféf
FREO &
% (o

&
)

) (&3

&
(&}

o
2oC C%DL%
"Té?\’% (a7

andon

o

)

PR G

(a2

o Qs

T

(&}

‘ @ I C

Tt

o O
)

(&)

DO

anden

o %Dé%[{;é?

T

Se

w@ o G

D C

1O

O @féf

2
o G

SIC
Vg

{

o
[o)

D OC,

THE G

%

Qns

Sey
(&)

Sicad

T

O %@

SevH

%

Yol

o

Qns
(&)

e
(

SIS

T

O Cé@

&

%

Sev

. D
o

&
Yol

Qns

(&}

[

Sicad

f\é%&;@ Cé%é%‘
<5 o GV

Se

T

2
(o2 “%ﬁ‘w%} G

Qs

pai)


mailto:shivamdinkar1997@gmail.com

Ratre et al. (2025) Agri Magazine, 02(10): 362-365 (OCT, 2025)

e Diverse rooting architectures exploit soil water at different depths, increasing whole-stand
water uptake efficiency and buffering drought effects. Finer root networks and biopores
enhance infiltration and reduce runoff.

. Hydraulic redistribution and connectivity

e Structural complexity, via root networks and mycorrhizal connections, can redistribute
water laterally and vertically, maintaining activity in dry microsites and affecting
groundwater recharge.

. Runoff & erosion control

e Heterogeneous canopy and litter layers reduce raindrop Kinetic energy, increase surface

roughness, enhance infiltration, and decrease surface runoff and erosion.

Mechanisms linking structure — biogeochemistry
. Litter quality and decomposition pathways
e Species and size diversity produce heterogeneous litter (C:N, lignin), leading to variable
decomposition rates and formation of particulate vs mineral-associated organic matter.
. Hotspots of nutrient cycling
e Stemflow and concentrated throughfall enhance nutrient inputs at tree bases; gap edges
show faster litter decomposition and higher mineralization.
. Microbial habitat heterogeneity
e Structural complexity drives diverse microclimates and substrate heterogeneity that
structure microbial communities and enzyme activity—key controls on mineralization vs
stabilization.
4. Soil organic carbon (SOC) stabilization
e Inputs from varied root depths and necromass, plus soil aggregation promoted by root
exudates and hyphal networks, increase vertical SOC distribution and formation of
mineral-associated organic matter (MAOM).
. Biogeochemical retention and export
e Complex stands tend to retain nutrients (N, P) more effectively within the soil-plant
system; simplified/younger stands may increase leaching/export downstream.

Scales of interaction — why multiscale matters

o Leaf/tree scale: stomatal control, transpirational flux, leaf litter chemistry.

o Plot/stand scale: lateral heterogeneity, gap dynamics, root overlap, microsite hotspots.

o Catchment/landscape: connectivity of patches governs flow paths, travel time, and
cumulative export of water and solutes.

Processes that are negligible at small scales (e.g., cumulative stemflow-driven nutrient

hotspots) can dominate landscape flux when integrated.

Measurement & remote sensing tools

e Airborne/terrestrial LIDAR: canopy height distribution, FHD, rugosity, gap fraction.

o UAYV multispectral / hyperspectral: species composition proxies, canopy vigor, gap
detection.

e Ground inventory: dbh distributions, CWD surveys, leaf area index (LAI) by
ceptometer, litterfall traps, rooting profiles (soil cores/minirhizotrons).

« Soil sensors: moisture probes, TDR, matric potential, soil temperature loggers.

o Isotopes & tracers: 8'0/6°H for water sources and flow paths; "N for N cycling
hotspots.

o Flux towers & sap flow: stand transpiration, evapotranspiration partitioning.

« Distributed hydrological sensors & tracer tests: to quantify infiltration, percolation and
connectivity.

Combine LiDAR structural metrics with in situ hydrological/biogeochemical measurements

to link pattern — process.

ACRI MACATINE ISSN: 3048-8656 Page 363




Ratre et al. (2025) Agri Magazine, 02(10): 362-365 (OCT, 2025)

Modeling approaches

e Process-based ecohydrological models (e.g., SPA, RHESSys, SWAT with forest
modules) parameterized by structural inputs (LAI profiles, rooting depth distributions).

e Individual-based / cohort forest models (e.g., SORTIE, ED2) that resolve vertical
structure and link to soil water and C/N cycles.

o Upscaled empirical/statistical models: regression, GAMs, machine learning mapping
relationships between structural metrics (e.g., FHD) and hydrological/biogeochemical
outputs.

e Coupled soil-plant-atmosphere models with explicit canopy layering to capture
interception and microclimate buffering.

o Network/graph models for patch connectivity and lateral flow.

Best practice: combine mechanistic models with remote sensing-derived structural inputs and

validate with flux/soil measurements.

Empirical evidence — key functional relationships (stylized)

e Higher vertical complexity — increased interception and lower immediate throughfall,
but a more prolonged release — reduced peak flows.

e Greater horizontal heterogeneity — uneven infiltration and localized biogeochemical
hotspots; overall retention of nutrients tends to increase with complexity.

« Presence of large old trees and deep roots — greater drought buffering and deeper SOC
accrual.

« Simplified stands (monocultures, even-aged plantations) — higher runoff, higher nutrient
export, faster decomposition of homogeneous litter (often leading to loss of soil C over
time).

(NB: exact quantitative relationships are site- and species-dependent; use local calibration.)

Management implications & restoration levers

e Promote vertical layering and mixed ages: multi-aged stands and retention of legacy
trees improve water buffering and nutrient retention.

e Maintain coarse woody debris and litter continuity: supports infiltration, soil moisture
retention, and microbial habitat.

e Encourage species mixtures with complementary rooting and litter traits: enhances
vertical soil resource partitioning and diverse C inputs.

e Spatial planning at catchment scale: preserve high-betweenness patches and corridors
that support lateral flow attenuation and nutrient sinks.

e Avoid homogenizing treatments (clearcut — even-aged monoculture) in landscapes
where hydrological regulation and nutrient retention are priorities.

o Targeted fuel management that retains structural heterogeneity but reduces catastrophic
fire risk.

Study design recommendations (for practitioners & researchers)

e Multiscale sampling: couple plot-level intensive measurements (soil moisture,
throughfall, litterfall, decomposition rates) with LiDAR over the same plots.

o Before-after—control-impact (BACI) designs for interventions (thinning, planting
mixtures).

o Stratify by structural complexity indices: sample across a gradient of FHD/ rugosity/
CWD to infer functional relationships.

« Combine hydrological tracers (stable isotopes) with sensors to resolve sources and
flow paths affected by structure.

e Longitudinal monitoring: many processes (SOC accrual, rooting changes) are slow;
plan multi-year campaigns.

e Integrate socio-ecological elements where management or land use changes influence
structure.

ACRI MACATINE ISSN: 3048-8656 Page 364




ﬁr@

:

N

2

o =
SR G
<\:’> \r

2

rwv@@

2

C;%% G

2

1O
e

&

2

) O =
RO G
<‘§\‘

WLD§3 =

it

3O, =
o
% &

He

3O

B Nt &
s

DO
)

6

o &

1D
6

o520 20 AnSE0 QuiEd WiTo nEo o ko il anto q
)

o &

wo q
e

>
Do
o)

Qs

)
©
o

&
g e
puile)
“T‘gk

ang
(o

o> ?E?D

Qﬁé@@
(S

0

S0

C
o

2

3

&
()

Gy

psi)

any
o

230C
CVIEV

$Fro
10
[=}

O an

15
o

mﬁéﬁ

TOC,

I
@)

2

fo
oo (g

paife]
B

O QN

2

o G

mﬁéﬂ

DO

SIE
@)

2

[
o G

7200
poje]
[=}

O an
Ghet

RO

Q&‘Q pﬁéﬂ
JoC Joc,
e VI <’_J; G

L ang
()

O

DO,

2

Qﬁ“g@

2 o
oo o

and?a
30
SIE

o
Soli¥ez

Qﬁ“g@
i

2

O

oo
e &
%

@S

%9&3 F

o

C,

Qﬁ“g@

2

O

o G

=
Ty

K
B
(o)

@s2o a
30T =
cy%,u%; ez

2

Ratre et al. (2025) Agri Magazine, 02(10): 362-365 (OCT, 2025) Q,

Key uncertainties & research priorities BT
e Scaling rules: how do plot-level processes scale to catchment export—need empirical 035%
upscaling frameworks. Db
« Root architecture quantification at landscape scale: still difficult to measure remotely. i
o Interactive disturbance effects: how structure mediates combined stresses (drought + L
fire + pests). g
e Microbial mediation pathways: linking structural-driven microclimate heterogeneity to %P
microbial community function and long-term SOC stabilization. Og@
o Trade-offs quantification: e.g., carbon sequestration vs water yield under differing Qo0
structural regimes. 0%?‘@
Research needs: more paired LiDAR-soil tracer studies, better root proxies, long-term %0
manipulative experiments across climatic gradients. ﬂ@
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