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Chapter 1. Introduction to Forest Ecology

1.1.Introduction

Human activities are affecting the global environment in myriad ways, with numerous
direct and indirect effects on ecosystems. The climate and atmospheric composition of Earth
are changing rapidly. Humans have directly modified half of theres terresial surface
and use 40% of terrestrial production. Our actions are causing the sixth major extinction event
in the history of life on Earth and are radically modifying the interactions among forests,
fields, streams, and oceans.

A community of species interacting among themselves and with the physical eneirbn

is an ecosystem. Ecosystems have the following distinguishing characteristics:

1. A web of interactions and interdependencies among the pamisials and microbes
require the energy supplied by plants, and plants cannot persist wahooals and
microbes to cycle nutrients and regulate ecosystem processes. The interdependencies
within ecosystems relate to function: there must be species that photosynthesize,
speces whose feeding results in nutrients being cycled, predators that keep
populations of plantaters from growing too large, and so forth. Some system
functions can be performed by more than one species (a property called redundancy);
in other cases a sirglspecies plays a unique functional role (such species are called
keystones).

2. Synergy is the "behavior of whole systems unpredicted by the behavior or integral
characteristics of any of the parts of the system when the parts are considered only
separately”(Fuller 1981). Synergy characterizes any system whose components are
tied together through interaction and interdependence (the human home is an example
of a synergistic system; in fact the word ecology is derived from the Greek word for
"home").

3. Stability is a simple yet complicated concept that does not mean 'no change" but rather
is analogous to the balanced movement of a dancer or a bicycle rider (Mollison 1990).
The processes of disturbance, growth, and decay produce continual change in nature.
Stabiity means that (1) changes are maintained within certain bounds and (z) key
processes (such as energy capture) and potentials (such as the productive potential of
soil) are protected and maintained.

4. Diffuse boundaries. Unlike an organism, an ecosystem ao¢shave a skin that
clearly separates it from the external world. Ecosystems are defined by connectance,
and connections extend through space and time, integrating every local ecosystem
(one that is localized in time and space) within a network of laayet larger
ecosystems that composes landscapes, regions, and eventually the entire earth. Any
given forest both influences and is influenced by cities, oceans, deserts, the
atmosphere, and forests elsewhere on the globe. Moreover, every local ecosystem
produces patterns that propagate through time, communicating with and shaping the
nature of future ecosystems. The interconnections among ecosystems that exist at
many different spatial and temporal scales result in what is termed hierarchical
structure, whih simply means that each ecosystem that we can define in space
comprise numerous smaller systems and at the same time is part of and in interaction
with a hierarchy of larger systemsigF1.1)
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Figure 1.1. The hierarchy of nature. Every local ecosystem is part of a larger set of ecosystems that
includes landscapes, regions, and ultimately the planet as a whole. Local ecosystems also comprise
diversity at manyscales, from individual plant and animal species and genotypes through microbes
and the finescale structure of soils and canopies (Perry et al. 2008).

1.2.What is Ecology?

The term fAecologyo was coined by Ernst Ha
fact never contributed to ecology himself, ecological problems were studied well before the
term came into existenc&r n st Haeckel ds (1866) original
focused on animals, was embracing and straightforward:

By ecology we nam the body of knowledge concerning the economy of natilre
investigation of the total relations of the animal both to its inorganic and to its
organic environment; including above all, its friendly and inimical relations with
those animals and plantgth which it comes directly or indirectly into contact.

There are two definitions of ecology in wide use in the United States today:
- AThe scientific study of the distributi ol
1961)
- AThe study ofgarhiesmselaort i @rno wpgs oaf organi s
(Odum 1959, 1971)
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Figure 1.2. Ecological studies range from those focused on more abiotic relationships to those focused
on more biotic relationships. Ecology, as represented by the box in this illustration, is softly bounded
on one endf this spectrum by disciplines such as meteorology, geology and hydrology, and on the
other end by systematics, genetics and physiology. The spectrum ranging from more abiotic to more
biotic ecological subdisciplines then might include from left to ridgdidgeochemistry, ecosystem
ecology, landscape ecology, chemical ecology, community ecology, physiological ecology, population
ecology, behavioral ecology, evolutionary ecology. Obviously, the abioticbiotic focus is only one of
the dimensional axes for lsdisciplines in ecology. Another axis is the spatial or temporal scale of the
ecological process or phenomenon being considered, e.g. landscape vs. organism (Likens 1992).

During thedevelopmenbf ecologytherehasbeentension between different approash
or schools. In the beginning research in different branches, like plant and animal ecology,
developed with out close contact, each developing according to their own praxis. Later the
battleground was occupied by population and evolutionary ecologyinfighagainst
ecosystenorientated research or a reductionistic or holistic approach. Today most of this
tension has disappeared as an understanding of the value of different approaches in ecology
has developed.

In order to stimulate and to bridge barriegsplogy needs to be defined in a manner that
favours common thoughts and collaboration. We endorse a definition that has been expressed
by a group of ecologists at the Institute of Ecosystem Studies, Millorook, New York (Likens
1992):

Ecology is thescientific study of the processes influencing the distribution and
abundance of organisms, the interactions among organisms, and the interactions
between organisms and the transformation and flux of energy and matter.



The purpose of this definition is tbring different fields of ecology together as a
scientific discipline, organism as well as ecosystem orientated. The characteristic of ecology
is its encompassing and synthetic view, not fragmented!

1.3.The Subdisciplines of Ecology

Ecology covers a widerange of phenomena, and, just as biologist group into
physiologists. geneticists. taxonomists, and so on, different ecologists tend to concentrate on
different aspects of ecosystems. In the following discussion, we delineate the types of things
studied bythe different subdisciplines of ecology and, in the process, preview some of the
guestions that we will concern ourselves with throughout the text. Although it is necessary for
you to know what these subdisciplines are, remember that they are artiigtiattns,
created by humans in order to aid understanding. No such neat divisions occur in nature. In
fact, the trend in all natural sciences is increasingly integrative, especially at the level of
ecosystems, landscapes, and the planet. Natural stsestill specialize no single per son
can understand allbut the important questions facing society require specialists to talk and
work together.

i Physiological Ecology(ecophysiology)- is the study of how environmental factors
influence the physiolgy of organisms.

i Population Ecology - is the study of the dynamics, structure, and distribution of
populations.

T Community Ecology - is the study of interactions among individuals and populations
of different species.

T Evolutionary Ecology - is linked closé/ to population ecology. The physical and
biological environment acts as a filter that allows some individuals within a population
to pass, and screens our others. Those who pass contribute genes to the next
generation; thus, there is a continual &y between the environment and the
generic composition of populations.

T Ecosystem Ecology( e . g . forest-isto a grear extenp aboud sads)
balances of elements and their interactions. The fluxes of elements are strongly
coupled to each other, and often one limiting element regulates the fluxes of the
others. This chapter gives arroduction to the most important elements and to some
key concepts or cornerstones: mass balance, limiting nutrients, optimality and steady
state. At the ecosystem level we are interested in structural and functional attributes of
the system as a whole:

T The reciprocal inflences between patterns and processdsere patterns
span scales from stands (e.g., the hemof canopy layers) to
landscapes (e.g., the distribution of community types or age classes
across the landscape) to regions and the entobegland processes
include allthings that involve movement, change, or flux.

T Productivity - the conversion of solar energy and nonliving chemicals to
plant chemical energy and mass through photosynth@gsisary
productivity), and conversionf the energy and mass in plants to energy
and mass imnimals and microbgsecondary productivity).

I Food webs- the way in which energy is distribute@imong the
organisms of the system.
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i Cycling of matter.

T Stabilityor the processdbat allow the systa to adapto uncertain and
often catastrophic change in the eoviment.

T Interactions between land, air, and water.

T Landscape Ecology study these reciprocal interactions between spatial patterns and
ecological processes (Turner et al. 2003). Thougheitme landcape is often &sl to
denote our intuitie sense of what the word mean®ughly anarea humans can see
when stanohg on a gh point- for ecologists landscapes acat a variety of scales;
an eagle has one landscape, a ground squirrel apatbeetle yet another. Whatever
the scale, the scientific focus is on linkages between spatial pattern and process.

T Theoretical production ecology- tries to quantitatively study the growth of crops.
The plant is treated as a kind of biological factoryicli processes light, carbon
dioxide, water and nutrients into harvestable parts. Main parameters kept into
consideration are temperature, sunlight, standing crop biomass, plant production
distribution, nutrient and water supply.

1.4. Approaches to the Stidy of Ecosystem Ecology cornerstones and scientific
methodology

The goal of ecosystem science is to inéégrinformation from studies tiie interactions
between individuals, populationsommunities and theabiotic environments, including the
charges in these relationships witime. Amid this complexity, several appabes have been
used in attempt® synthesize understanding at the ecosystem level.
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Figure 1.3. Model depicting nutrient relationships in a terrestrial ecosystem. Inputs and outputs to the
ecosystem are moved by meteorologic, geologic and biologic vectors (Bormann and Likens 1967,
Likens and Bormann 1972). Major sites of accumulation and major egehpathways within the
ecosystem are shown. Nutrients that, because they have no prominent gaseous phase, continually cycle
within the boundaries of the ecosystem between the available nutrient, organic matter and primary
and secondary mineral componetesad to form an intrasystem cycle. Fluxes across the boundaries of



an ecosystem link individual ecosystems with the remainder of the biosphere. (From Likens et al.
1977; modified_ikens 199

Studies of ecostems should utilize all of thepproaches desbed above in attempts
unravel complexity, develogcological understanding and providseful information for
decision makers and managers. In all areas of ecoland in science in general, the
convergence and integration of informatioom different points of viewdifferent disciplines
and different aproaches are what lead to maj@dvances and breakthroughs in
undestanding. To gain comprehensivaderstanding about complex ecosystem function,
including relationship@among theintegral componest (e.g. Fig. 1.3), will require diverse
talentsand approaches.

1.5. Structure and functions ofecosystems

Most ecosystes gain energy from the sun anaterials from the air or rocks, transfer
theseamong compoents within the ecosystem, theeleaseenergy ad materials to the
environment.The esential biological components acosystems are goits, animals, and
decomposersPlants capture solar energy in thwocess of briging carbon into the
ecosystemA few ecosystemssuch as deepea hydrotheral vents, have no plants but
insteadhave bacteria that derive energy from thadation of hylrogen sulfide (KS) to
produceorganic méter. Decomposer microorganisrimicrobes) beak down dead organic
material, releasing C@to the atmosphere and nutriemn forms thatare available to other
microbesand plantslf there were no decompositiotgrge accumlations of dead organic
matterwould sequester the nutrientsquered tosupport plant growthAnimals are critical
component®f ecosystems becauseethtransferenergy and matels and strongly influence
the quantity aml activities of plants and saihicrobes. Thessential abiotic componentsai
ecosystem are wer; the atmosphere, whicupplies carbonra nitrogen; and soil minerals,
which suply other nutrients required lmrganisms.

An ecoystem model describes the majmrols and fluxesn an ecosystem and the factors
that regulate these fluxeNutrients, wéer, andenergy differ from one another in the relative
importance of eosystem iputs and outputs vanternal recycling Plants,for example,
aqquire carbon primarily from thetmosphere, and mosarbon released by respiration
returns to the atmosphere. Carboycling throudp ecosystems is therefore quapen, with
large inputs toand losses fromthe system. Therare, however, relatively larggools of
carlon stored in ecosystems, so Huivities of animals and microbessasomewhabuffered
from variations in carbon uptak®y plants The water cycle of ecosystenssalso relately
open, with water enteringrimarily by precipitaion and leaving by evaporatiotmanspiraton,
and drainage to groundwatand streams. In ctmast to carbonmost ecosytems have a
limited capacity to store water plarts and soil, so the activityf organisms iclosely linked
to water inputs.In contrast to cdion and water, mineral elemergachas nitrogen and
phosphorus arescycled rathetightly within ecosystems, witAnnual inputs antbsses that
are small relativeto the quantigs that anually recycle withinthe ecosystem. Thes
di fferences iandt hiebagfofpeefnintels s 0 c y cidfleesce theu n d a me
controls over ras andpatterns oftie cycling of materials througétosystems.



The pool szes and rates of cycling diffesubstantialf among ecosystemdropical
forests have much larger poad$ carbonand nutrients in plants than dkeserts otundra.
Peat bogs, in contradtave large pols of soil carbon rather thaant carbon. Ecosyens
also differ substantiallyn annual fluxes of materials amommpols, for reasonghat will be
explored in latechapters.

ECOSYSTEIVI STRUCTURE AND FUNCTIONING
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Figure 1.4. Model oémsystem structure and functionig.

Forest ecosystem

- Forest ecosystem a community of species interacting among themselves and
with the physical environment

- Ecosystem may be usedncretelyfor desribing a particular place on the ground or
abstractly to decribe a type (e.g. Norway spruce ecosystem)

- Biogeocenosiss an equivalent (mostly in Europe)

- Main attributes aresource of energy asupply (inputs) of row materials (e.g.
nutrients in ainfall), mechanisms for storing and recycling (cycling of matter and
nutrients), mechanismsthat allow itto persist(e.g. climatic fluctuations, periodic
disturbance..)

- Ecosystenis dynamic rather than static (time and space dynamicsuccessioh

- Synemgyi the whole is greater than sum of the parts

- Stabilityii t do e snothangie.a nRat her i s analogous to
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1.6.Geographical distribution of forest in the world

Plant distributions igoverned by a combination of historical factors, ecophysiology and
biotic interactions. The set of species that can be present at a given site is limited by historical
contingency. In order to show up, a species must either have evolved in an arearsedisp
there (either naturally or through human agency), and must not have gone locally extinct. The
set of species present locally is further limited to those that possess the physiological
adaptations to survive the environmental conditions that exiss. grbup is further shaped
through interagdbns with other species.

Figure 1.5. World biomes are based upon the type of dominant plant.

Plant communities are broadly distributed into biomes based on the form of the dominant
plant species. For examplgrasslands are dominated by grasses, while forests are dominated
by trees. Biomes are determined by regional climates, mostly temperature and precipitation,
and follow general latitudinal trends. Within biomes, there may be many ecological
communities, whih are impacted not only by climate and a variety of smatlate features,
including soils, hydrology, and disturbance regime. Biomes also change with elevation, high
elevations often resembling those found at higher latitudes.

Differences in temperate or precipitation determine the types of plants that grow in a
given area Fig. 1.6.). Generally speaking, height, density, and species diversity decreases
from warm, wet climates to cool, dry climates. Raunkiaer (1934) classified plant life forms
basedon traits that varied with climate. One such system was based on the location of the
perennating organ (Table 1). These are tissues that give rise to new growth the following
season, and are therefore sensitive to climatic conditions. The relative popaortidifferent
life forms vary with climate. In fact, life form spectra are more alike in similar climates on
different continents than they are in different climates on the same continent. Regions of
similar climate and dominant plant types are callednes. This chapter describes some of
the major terrestrial biomes in the world; tropical forests, savannas, deserts, temperate
grasslands, temperate deciduous forests, Mediterranean scrub, eenftaxsts, and tundra
(Fig.1.7., 1.8).
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Raunkiaer life form classification system based on location of the perennating bud.

I
Life form Location of | Plant types

perennating tissue
Phanerophyte >0.5m Trees and tall shrubs
 Chamaephyte 0-0.5m Small shrubs and herbs

Hemicryptophyte | Soil surface Prostrate shrubs or herbaceous plants

that dieback each year

Cryptophyte In the soil | Rhizomatous grasses or bulb forming
| herbs
Therophyte Seed Annuals

Table 1.1 Raunkiaer life form classification system based on location of the perennatihgdud
forms can be classified by the location of perennating tissue and plan{Bgrsesth2012)

Tundra

32
\ ‘..\. Northern
Coniferous
I 1 | Forests
43

Tempaerate Deciduous Forest

Mean Annual Temperature, °C

Tropical Forests

0 50 100 150 200 250 300 350 400 450

Mean annual precipitation, cm

Figure 1.6. The distribution of vegetation types as a function of maamatemperature and
precipitation(Forseth2012)
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Figure 1.7. Biomes of the world. Biomes are regions of similar climate and dominant plant types
(Forseth2012)
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Figure 1.8.Biomes of the world
(Sourcehttp://bouchillonlifescience2.wikispaces.com/Coniferous+Forest+Key+Facts

1.7.The man and the forest
Soil and forest development in Holocene

During the last ice age the most of the middle and northern part of Ewaspeovered
by sedimentshatwereformedby physical weathering of rockargillaceoushale, marl slate,
sandy shales, debris shales. Alluvial saedéian se@ments as loess covered moreeass big
bed of the rest of older geests and soils formed in the periglacial $paegesedinents and
covered older beds were without humus as it documents present carbon analysis.

13



Humus reserves from older periods of soil formacion ion were at the beginning of the ice
age mineralised (fungus decomposition): declinekAK and saturatio by base auld be
linked according to the ion balance. It is possible to come out of: at thenosg of Holocene
the possible acid bottom layers that were if the form of alder dicgoils or rock geests
(compareFiedle and Hofmanu 1991), so these materials weee kayeed more or less thick
covers ofinacid ice age sediments.

The present plant and animal staeour country is the result dhe fluctuation of the
climateat the end or tertiaryguiod and at the beginning of ag@rnary period. In thiee age
(mainly third and fourth icing) reached our country northern glaaied in the mountains
there werdocal glaciers, it wasundra (birches, osier, sporadily pines) o the rest of the
territory. Ininterglacials the climate was similar to pretsearthern Yugoslavia or Bulgaria.
The man did not influence the natumehe beginnings: in the older @middle stone age man
lived ongathering and hunting. Firstly 25 thousands years ago hedstaith group hunting
of biggeranimals. The man was ashunteralso as a hunting objeof big beasts and he did
not havemore important influence on the number of animals. 18 trousand years ago it
startedwarming (2 or 3 degrees more that today). The forestarebqul, they encountered to
the first agriculture which advanced firstly in e.g. Prabeunyand PS2bram regi
directalteration of feests is in the beginning of I8tentury.

For a new formation of ecosystems on the fresh andnadignaterial for soil formation
(Ulrich 1994) there wererucial two processes from the view of substance balance:
- carbon and nitrogen accumulation from the atmosphere to organic,matter
- weathering of sifiates and clay formation of ®&se sediments with the rise of
exchange reserves oftnents and clayingrise ofcapacity of water maintenance),
- accumulation measure of organic matter could depend on the nitrogen income.

Results of antropogenic influence in the forest ecosystems

Periods Description

50002000 BC Husbandry with forest regeneratioridgfviands (lowland area)
20001000 BC Expansion to hillsides of mountains (upland area)

10000 BC Settlement of mountains, beginning of charcoal burning

0-400 AD Abandonment of settlements. afforestation
400-1400 AD Grain farming, pasture in foress in higher locations (submontaneous zone)
14001500 AD Period of dilapidation, repeated afforestation in higher areas
15001750 AD Rising of wood production (montaneous supermontaneous zone)
1 7501 850 AD Raking of litter. afforestation bgonifers

185CGtoday intensive forest manag e nmenelhittogehiacomeets.

Development of forestry and forest management

Forests were originally free goods for a long time whisk was restricted only by the
territorial demands of settlers. While the farmed lands became relatively individual property,
distant Lands, pastures and forests were for a long time common property (allmends). In the
middle ages the ownership of lamxdand forests was secured Ihetestate law guanteed ¥
the sovereign. While in the fZentury forests were in contracts of donation (2169 king

14



Vladislav) bound by word, inhie 13" century the land was measured. In 1369 forests were
measured in Rogumber k do mastarea inTtheeregibndtheer da't
present Czech Republictédrom the statistic inquiry (puldhed in 1924).

In the period till WWII. thelands were adapted by balanéeom 1950 the data are the
result of detailed inventory foall forests conducted by statrganization (today The
Depart ment for Management Adaptation Brandl
annually first as The Permanent Forest Inventory and from 1979 a€dllestive Forest
Management RBh (SLITP). In both cases the base was the data of valid forest
maintenance plans.
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Figure 19. Distribution of macrofossil and stomata records for Picea and tree Betula in Eurasia. The

macrof ossil records from V&liranta et al . (2011
compiled from the Northern Eurasian Macrofossil Database (Binnaly 2009), the European Pollen
Database (http://europeanpoll endatabase. net/ dat s

Willis & Van Andel (2004). The LGM ice sheet extent follows Ehlers & Gibbard (2004). Data were
compiled with focus on laflaciali early Holocene records in Eastern Europe and Eurasia but
cannot be claimed to be complete.

Species composition
- In the period of older atlantica (5561000 BC) pines and other trees give from the
boreal period and expand to mixed oakwood, spamcebeech tree.
- In the period of younger atlantica (400@500 BQ spruce trees expand and there
ascend beech tree and ith uprooting,Tpasture @ Ithinn i z a 2

forests.
- In the subbordgperiod between 2500500 BC spruae trees and med oakwood fall
back andbeech trees and firs ascend. The spruce treerowe i ghs i n Gu ma

Ji z er s k @hehltitudey750m sprhce trees form one third of substituted wood.
- In younger subatlantica (500 BCL300 AD) the mixd forests formed olbeech trees
and frs are in uplands, however in higher places the spruce trees outweigh.

15



Total species compositionf avood was influenced in the 1411 century by the
settlement of suitable regionthat isof oakwood, pine trees, alders, lime trees and
birchtrees.

In the first half of the 18 century the expriments of alien trees took place (sawn
chestnut). It is spoken in the 2@entury about the preferencé sbme trees spoken
during the 18 century as a mama (pine then spruce) and it is advertedttowners
were not able to enlighten from insect and wind dges that were happening in the
monocultures.

In the half of the 18 century it is generally recommended “the forest ideally mixed by
vegetation that is soil protecting”. The result of imgnment of species composition
of our forests is the increase of the broadleaf tree proportion between 1950 and 2000
almost to its double.
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Figure 1.10. Potential vegetation boundarie€Europe
(Sourcehttp://www.esd.ornl.gov/projects/gen/NEW_MAPS/europe0.gif)

Main problems in the forest management in the Czech Republic

inappropriate species composition

tong-time action effect of air paltion (high percentage of defoliation) and
the influence of acideposition on soil

deaease of resilience of forest ecosystems

low representation of natural recovery
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- inappropriate vegetation structure (high part of the sageevegetations)

- high part of pasture maintenance

- decaeased retention ability of unafforestecidage areas

- biodiversity protection

- necessity of inreasing of the importance of the public functioriayests

- low awareness of the exercise of principles of sustained forest managemtbat
ecosystem level

- necessity of the higher ecanecal evaluatiorof wood materia

Importance of the forest ecology for sustained exploiting of forests

- necessity of forest recogniti@s a difficult interactive syste (ecosystem) in its
principle function and service (holistic approach)

- necessyi of understanding dhe forest life in its ongoing substance circulations,
fluxesand information transitiongecessityof multidisciplinaryapproachn its
recognition)

- necessity of trend recognition of its development in various time and space
criterions(microscopic ananacroscopic, shotermed and longermed) and on
different levels othe biotic organisation(molecular, cell, organismal,
population, biocenotic andecosystemic)

- necessity of detailed knowledge of the forest ecosystem functioning for correction
of our actions in using and management ofgtsén the sense of permanent
sustenance.

1.8.Review questions

What is an ecosystem?

How does it differ from a community?

What is the difference between a pool and a flux?

Which of the following are poolsnd which are fluxes: plants, plant respiration,

rainfall, soil carbon, consumption of plants by animals?

5. What are the state factors that control the structure and rates of processes in
ecosystems?

PobnpE
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Chapter 2. Analyses of Changes in Forest Structure and Function at
Multiple Time and Space Scales

2.1.Introduction
Forests currently cover about 40% of Earth'sfiee land surface (52.4206knf), a loss
of 10 x 106k from that estimated were it not for the presence of humans.

Ecosystem ecology addresses the interactions between organisms and their environment
as an integrated system. The ecosystem approach is fundamental in magaging h 6 s
resources because it addresses the interactions that link biotic systems, of which humans are
an integral part, with the physical systems on which they depend. This applies at the scale of
Earth as a whol e, a cont iysteamdpproach is critical toa r me r
resource management, as we grapple with the sustainable use of resources in an era of
increasing human population and consumption and large, rapid changes in the global
environment.

The flow of energy and materials throughgamisms and the physical environment
provides a framework for understanding the
physical and biological processes.

2.2.Ecosystems analyses

Ecosystem analysis seeks to understand the factors that reguladelhépantities) and
fluxes (flows) of materials and energy through ecological systems. These materials include
carbon, water, nitrogen, roalerived minerals such as phosphorus, and novel chemicals such
as pesticides or radionuclides that people haveddtlthe environment. These materials are
found in abiotic (nonbiological) pools such as soils, rocks, water, and the atmosphere and in
biotic pools such as plants, animals, and soil microorganisms.

Francis C. Evans (1956) used the first original definibf ecosystems analyses:

Ecosystem analysis is a mix of biogdwmistry, ecophysiology, and micrometeorology
that emphasizes "the circulation, trafwmation, and accumulation of energy and
matter through the medium of living things and their acésit

For example, rather than concentrating on the growth of individual trees, the ecosystem
ecologist often expresses forest growth as net primary production in units of kilograms per
hectare per year. Ecosystem ecology is less concerned with sgeeiesty than with the
contribution that any complex of species makes to the water, carbon, energy, and nutrient
transfer on the landscape (Waring, Running 1996).

An initial step in ecosystem analysis is to measure the amount of material stored in
different components of the system, for example, the carbon stored in stem biomass, water
stored in the snowpack, and nutrients stored in the soil. In systems terminology, these are the
state variables that can be directly measured at any given time. Innunstualds have been
published measuring the current state of forest ecosystems. Frequently, however, the rates of
change of these system states, or flows of material, are of greatest interest. What is the rate of
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snowmelt, stem biomass accumulation, or ieatrleaching in a particular system? These
guestions require study of the processes controlling energy and matter transfer, a much more
difficult undertaking. In these process studies, we wish to identify the -ediest
relationships controlling systeactivity, which is often called a mechanistic approach. This
identification of system states and multiple caaffect relationships that operate in a forest
ecosystem to regulate material flows can be quantified and organized with an ecosystem
simulationmodel. This type of model becomes the starting point of our space/time scaling of

ecosystem principles.

Ecosystem processes can be studied at many spatial scales. How big is an ecosystem?
The appropriate scale of study depends on the question being(Bgkezl1).

a) Global ecosystem

5,000 km
How does carbon loss
from plowed soils
influence global climate?
b) Watershed
10 km

How does
deforestation
influence the
water supply to
neighboring towns?

c) Forest ecosystem

How does acid rain
influence forest
productivity?

. rocksurEce
‘:.Jtl“h“ o T
PR L P o
o+ llenenzone = -, oo What are the biological

1 mm - T
AN 1‘.‘.\;'1\'«' Y] \!1'. controls over rock
j;" I\J algal zone .:“.' :ﬁ!‘ﬁ weathering?
\ ':. N2 -\)Jﬂ.ﬂ..\ -\I.li

Figure 2.1.Examples of ecosystems that range in size by 10 orders of magnitude: an endolithic

ecosystem in the suf3fraden lhaeygrhs qfd)rromak sf,0rles® , 1

wat er shed, 1 O 105m in | engt h enceb(p); Alsa shdwn Brar t h
examples of questions appropriategach scale (Chapin et al. 2011
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The impact of zooplankton on the algae that they eat might be studied in the laboratory in
small bottles. Other questions such as the controls over productigiiyt be studied in
relatively homogeneous patches of a lake, forest, or agricultural field. Still other questions are
best addressed at the global scale. The concentration of atmospherido€C®xample,
depends on global patterns of biotic exchangeS@fand the burning of fossil fuels, which
are spatially variable across the globe. The rapid mixing of i6@e atmosphere averages
across this variability, facilitating estimates of letagm changes in the total global flux of
carbon between Earth atite atmosphere.

2.3.Hierarchy and behaviour of the system in space and time

Multiscale aalysis of forest ecosystems tvithe stand as our reference level, which
includes the vegetation and surrounding physical environment, linked together through a
variety of biological, chemical, and physical processes. Most scientific ‘stai@ling of
ecosystem processes has been gained byt die&t measurements and expeents on small
study plots usually <1 ha (10,000%rover a period from a few days to absh a few years
(Levin 1992; KarievaAndersen 1988).

TIME

PAST——» PRESENT ——  FUTURE
SPACE

Chapters 24

J - STAND/ SEASON
3| cuvette gas exchanges
5| intemal flows

TREE

3| eddy fluxes
BGC balances
population distribution

B, geomorphology = D .
ASIN discharge history . ‘watershéd models,
4
REGION pollen cores ST
stable and radioactive . :Iaﬁusbape Gommiunity
isotopes Lo modals
... 'BGC'models -, - -
b geologic hist NPT
CONTINENT i +"." . blogsbgraphy modes -
fossis *,~.climate models - =~
GLOBE ica cores “aemolg'sensing i - v v o ST L
ocean sediments * atmogpheric chemistiy - - saléliite diven inodels.

Figure 22. Examples of measurement techniquesdialvie for forest ecosystem amwals at different
timeand space scales. Temporal ayg$ of past ecosystem activitypisssible from quagpermanent
records obtained by (issuer @lemental analsis, such as tree rings, isotopic ratios, and pollen
recads from ice and bog cores. Spatial aygis beyondhe stand level requires somgé of remote
sensing technology, and tgporal analysis intohe future requires some form mwiodelling (Waring,
Running 1996)
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From an ecological scaling point of view, we like to refer to these studies as the
stand/sasonal level of analysis (Fig. 3.5Such studies are designed to clarify ¢oelogical
processes and controls on the forest without regard to the spatial heterogeneity of the
surrounding landscape, or the temporal changes thegtfohae undergone or will undergo
in future years.

2.4. Models in Ecosystem Analysisdata extrapolation, simulation and mathematic
modelling

Models have been an integral tool of ecosystem analysis since the earliest days of
systems ecology (Odum 1983). Ecosystems are too complex to describe by a few equations;
current ecosystem models have mea$ of equations which present interactions in-non
continuous and nonlinear ways. Furthermore, these models provide the organizational basis
for interpreting ecosystem behavior. Swartzman (1979) identified six primary objectives for
ecosystem simulation edels: (1) to replicate system behavior under normal conditions by
comparison with field data, (2) to further understand system behavior, (3) to organize and
utilize information from field and laboratory studies, (4) to pinpoint areas for future field
resarch, (5) to generalize the model beyond a single site, and (6) to investigate effects of
manipulations or major disturbances on the ecosystem over a wide range of conditions. Active
ecosystem modeling programs pursue all of these objectives, althoughnosleto land
management is attained only in objectives 5 and 6 (Waring, Running 1996).

A comprehensive biogeochemical model should treat all of the processes presented in
Table 2.1, although we are aware of no current model that does so completedgsknsial
that energy, carbon, water, and elemental cycles all be represented, even if simplistically. It is
precisely the interactions among the cycles that are the core of ecosystem analysis. The
inherent differences in time dynamics among these cydlimcesses should also be
acknowledged, although not necessarily by explicit calculations. Leaf energy balances change
within minutes, system gas fluxes change diurnally, tissue growth and carbon allocation
dynamics are observable at weekly to monthlyriaks, whereas nutrient mobilization may
be measurable seasonally. Different forest ecosystem models have time steps ranging from an
hour to a year, and newer models contain sections that represent processes at different time
steps.

Of equal importancesithat each process is treated with approximately the same level of
detail. A model that computes photosynthesis of each age class of needles but fails to couple
the nitrogen cycle to photosynthetic capacity is not balanced. Most forest {ubgeaucal
mocels suffer some deficiencies in balance because they began as single process models and
only later, often in much less detail, added other processes critical to ecosystem operation.
Beyond some of these basic properties of good ecosystem modeling, el difters
depending on the specific objectives pursued. Some ecosystem models optimize energy
partitioning as part of a climate model, whereas others focus on forest productivity,
hydrology, or elemental cycles.

Ecosystems, because of their dynamic imberconnected properties, cannot be subjected

to classic experimentation where one variableaatime is modified (Rastettet996).
Computer simulation models of ecosystem behavior offer a valuable experimental alternative
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because they allow multivarianbteractions to be traced and analysed. With simulated
experiments, the accuracy with which different variables need to be measured can also be
estimated. Such ecosystem models establish mathematical relationships in a simple but
increasingly mechanistic ay, to clarify causal connections and integrate system operation.
On this basis, models can predict responses to new conditions that do not yet exist. For
example, computer simulation models can predict how stream discharge may respond to
harvesting in a watershed and identify possible flood problems before any logging
commences. Computer simulation models have been the primary means for evaluating
potential responses of natural ecosystems to future climate changes.

Table 2.1. Component Processess of a @etrensive Ecosystem Biogeochemical Model (Waring,
Running 1996).

Energy balance
- Shortwave radiation balance (incomidigoutgoing)
- Longwave radiation balance (incomidigoutgoing)
- Sensible heat fiux
- Latent heat flux
- Soail heat flux
Water balance
- Precipitation partitioning (Snow versus rain)
- Canopy and litter interception and storage
- Soil surface infiltration
- Soil water content
- Subrooting zone outflow
- Hili slope hydrologie routing
- Evaporation
- Transpiration
Carbon balance
- Photosynthesis, grogsimary production
- Maintenance respiration
- Growth respiration
- Photosynthate storage
- Net primary production
- Carbon allocation Leaves, stem/branches, roots, defensive compounds, reproduction
- Phenological timing Canopy growth/senescence Litlerfall of leay turnover oftems and
roots
- Decomposition
- Net ecosystem production
Elemental balance
- Sources (atmosphere, rock weathering, biological fixation)
- Soil solution transformation
- Immobilization, nitrification, denitrification
- Mineralization
- Root uptake
- Tissue storage
- Internal recydhg
- Volatilization
- Leaching
- Export through harvesting and erosion
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Examples of Ecological Model application of system analyses

FORESTBGC originated as a staibelvel model of forest biogeochemicaycles, in
effect, a modeluantifying our understanding of the mechanistic processes of energy and
mass fluxes in the stand/season space/time domain. Other forest ecosystem models are also
avail abl e, and results from t metad9Wiikak, be il
van Grinsven 1995; Ryan et dl996; Thornley, Cannell996). FORESIBGC is a process
level simuldaion model that calculates the ¢yg of carbon, water, and nitrogehrough
forest ecosystems (Fig. 2 Bunning, Coughlan 1988; Running, Gow&91).

Figure 23. Compartmentldw diagram for the FRESTBGC ecosystem simulation mad@&his
diagram illustrates the stateariables of carbon, water, and rogen, the critical mass flowlkages,
the combined daily and annual t@mresolution, and thelaily meteorological data required for
executing the model. The major variables and undweglyrinciples associated with the model were
developed spdfically for application at mulple time and pace scales, and for compatibjl with
remotesensed ddfition of key ecosystem propert{®garing, Running 1996).

2.5. Management Applications of Ecosystem Analysis

Management applications of ecosystem analysis commonly encompass large areas, which
imposes a requirement that the types and accuracy of dath nieg available sources.
Ecosystem analysis can provide through model simulations some estimates of important
variables that are difficult to measure directly. For example, using hydrologic equilibrium
theory, one can infer a balance that is commonlybéisteed among climatic properties, soil
water holding capacity, and the maximum leaf area that forests will support. It is a seeming
contradiction that these rather sophisticated ecosystem models and analytic tools are
particularly valuable in datpoor aeas. A handful of key measurements, some acquired by
satellite and synthesized with a model, can allow an inference of ecosystem activity that
would be nearly impossible to acquire through standard ground surveys. The first requirement
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