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ABSTRACT 

In urban forestry, the assessment and valuation of ecosystem services 

provided by urban trees are increasingly important both for the rationale of 

planting new trees and for retaining and managing existing tree populations. 

To support the field of practical urban forestry, research is needed on the net 

effects of ecosystem services and costs. The aim of this thesis was to analyse 

the ecosystem service potential of young street tree plantings. To this end, 

transplanting recovery, tree growth and carbon and water exchange were 

studied on two case study streets, one planted with Tilia × vulgaris Hayne 

and the other with Alnus glutinosa (L.) Gaertn. f. pyramidalis ‘Sakari’. The 

relationships between tree growth, tree and soil water and carbon exchange, 

environmental variables and tree properties were examined.  

Transplanting recovery of Tilia trees was delayed due to excess soil water, 

while Alnus trees recovered within the first few years. Alnus shoot growth 

responded positively and Tilia negatively to an increase in soil water content. 

Branch leaf area in relation to branch basal area varied, showing effects of 

transplanting and subsequent adaptation of the trees to the new growing 

sites. The studied trees accumulated carbon in their woody biomass during 

the first decade after transplanting, but the sequestration was small relative 

to carbon loss from the man-made tree soils. Several additional decades of 

tree growth were estimated to be needed to attain net carbon sequestration in 

these street tree plantings if peat originating C and/or renewable C lost from 

tree soils was counted as C loss. Biomass equations developed in traditional 

forests predicted total aboveground street tree biomass fairly well, but 

performed unsatisfactorily in estimating specific aboveground biomass 

compartments. The biomass distribution and litter production of street trees 

also require further study to gain insights into the role of tree litter in urban 

biogeochemical cycles. 

The annual variation in tree water use of the studied trees was high, but 

within one year, a Penman-Monteith-based evapotranspiration model with 

added stomatal conductance and leaf area dynamics description, together 

with soil water status, explained the variation in tree transpiration quite well. 

Using a single parameterization over all four years examined did not produce 

reliable tree water use estimates however. Scaling tree transpiration to 

different canopy cover percentages implied that especially the columnar 

Alnus trees could transpire a considerable proportion of annual rainfall with 

attainable canopy cover, potentially contributing to stormwater 

management. 
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1 INTRODUCTION 

1.1 URBAN FORESTRY AND URBAN TREE RESEARCH 

– CHALLENGES AND APPROACHES 

Although the origins of urban forestry date much further back, there was a 

notable increase in interest and research in the area in the 1970s and 1980s 

(Koninendijk et al. 2006). Early on, the field of ecophysiology (the study of 

how the physiology of an organism relates to its environment) of urban trees 

derived and generalized much from what was known of other ecosystems 

(Kozlowski and Davies 1975, Federer 1976, Patterson 1977, Roberts 1977, 

Kozlowski 1985a, b). Slowly, the critical areas where the assumptions most 

needed testing were identified with the aid of either surveys (Foster and 

Blaine 1978, Gibbs and Palmer 1994, Randrup 1997) or more commonly in 

case studies investigating ailing urban tree plantings (e.g. Ruark et al. 1983, 

Berrang et al. 1985, Messenger 1986). 

Development in urban forestry research led from early descriptive, 

explorative, often qualitative approaches towards analytical, explanatory and 

quantitative work.  Controlled experiments were still rarely seen in the 

1980s, and in 1988, Whitlow and Bassuk somewhat despairingly condense 

the state of the knowledge on ecophysiology of urban trees: “At worst, then, 

the field of ecophysiology as applied to urban trees is anecdote and 

conventional wisdom. At best, it is a body of unquantified empirical 

observation, supported all too infrequently by rigorous investigation and 

experimentation. The synthesis, then, should not be mistaken for full 

understanding or as implying that we have quantified the range of urban 

plant stresses or identified solutions.” In the early years, Whitlow and Bassuk 

(1987) also expressed a concern about the danger of dogmatism – or rather 

confirmation bias – in the growing field of urban tree ecophysiology. They 

noted that while it is often stated that the urban environment is stressful for 

trees, there are in fact papers, often disregarded or misinterpreted, which 

give evidence either entirely or partially to the contrary (e.g. Kjelgren and 

Clark 1993, MacDonald et al. 2004, Watson and Kelsey 2006); the urban 

environment is not so very different from all and any natural environments.  

In addition to Whitlow and Bassuk (1987), also Kozlowski (1985b) 

stresses early on that much depends on the exact definition and delimitation 

of terms such as “stressful” and “difficult” used to describe urban conditions. 

Whitlow and Bassuk (1987, 1988) point out that much could be gained by 

applying the knowledge in related fields – forestry, ecology and plant 

physiology – to urban trees by seeing their situation as not necessarily 

unique, but rather as part of the wide range of environmental conditions that 

bring about different physiological responses in trees. This opens up avenues 

for studying e.g. the effects of climate change based on urban trees (Sicard et 
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al. 2016); urban areas expose trees to many of the effects expected to increase 

with changing climate, such as changed hydrology and increased 

temperatures (Arnfield 2003) and invasive pest species (Tubby and Webber 

2010, Tomlinson et al. 2015).  

After the need for more rigorous research approaches was recognized in 

the late 1980s, experiments in real-life urban environments (e.g. Costello et 

al. 1991, Hodge 1991, Kjelgren and Clark 1993) and studies in controlled 

experimental field or laboratory conditions (e.g. Watson and Sydnor 1987, 

Watson et al. 1993, Kjelgren and Montague 1998) became more common in 

the 1990s. Case studies and surveys are still quite common as well and can be 

used as a basis for material collection for more detailed studies. The 

sampling of existing tree populations (surveys) can pinpoint likely problems, 

although due to the diversity of species and sites, sample sizes needed tend to 

be quite large (Sun and Bassuk 1991). No doubt this has contributed to the 

relative popularity of studies based on selected, information-rich 

populations, species or sites (e.g. Peters et al. 2010, Scharenbroch and 

Catania 2012, Peper et al. 2014, Sanders and Grabosky 2014), moving from 

pure surveys towards case studies. Case studies, both qualitative and 

quantitative, investigate the chosen subjects at depth; the relative importance 

and mechanisms of factors of interest can be examined. By moving towards 

more controlled conditions, the issues and causal relations found to be 

important can be confirmed and quantified more accurately.  

Overall, studies in increasingly controlled conditions have allowed for a 

more quantitative and causal approach to urban tree ecophysiology, but one 

of the problems remaining in many areas, such as studying tree water use, 

has been the need to use containerized or relatively small trees (Kjelgren and 

Montague 1998, Hagishima et al. 2007, Bartens et al. 2009). While 

environmental conditions cannot be controlled in an on-site research setup, 

careful monitoring of the environment allows for controlled research on large 

trees planted on-site. Case-based studies have many benefits in urban tree 

research, but also the inherent problem of generalization of findings to 

conditions outside the researched case. Case studies can facilitate 

understanding of cause and consequence, mechanisms and interactions; 

however, the generalization should be based on analysis rather than on 

statistical evidence (Yin 2003). 

The bulk of existing studies regarding urban trees and their environment 

contains research mainly from two separate viewpoints; on one hand, the 

effect of the urban environment on tree growth and well-being – and 

solutions that bring about improved urban tree performance – has been 

investigated early on, but many interactions and species-level differences 

remain poorly understood. In more recent decades, the second viewpoint, the 

positive effect of trees from a utilitarian human perspective, i.e. ecosystem 

services (benefits provided to humans by ecosystem functions, Millennium 

Assessment, 2003) related to urban trees, has gained more attention 

(Koninendijk at al. 2006). Ecosystem ecology as a defined field is not much 
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older than the study of ecosystem services. The decisive role of biota in 

circulation of elements in the ecosystems in general became commonly 

accepted as late as in the latter half of the last century (Gorham 1991). 

Ecosystem ecology has developed to integrate biogeochemistry with the idea 

of a food chain in which energy and matter travel through the biota of the 

ecosystem. In urban forestry, understanding the controls and interactions of 

trees and ecosystem processes is an obvious step forward because it allows 

for an easy integration of the ecosystem service perspective. 

The approaches originating from ecosystem ecology are just beginning to 

emerge in urban forestry. These promote the integration of the two 

previously presented approaches in urban tree research, the study of tree 

growth in response to its environment, and the ecosystem services derived 

from trees. This brings forth an explicit understanding that to gain the 

expected ecosystem services from tree plantings, certain conditions 

regarding e.g. site conditions and maintenance must be met (Hale et al. 

2015). This can be achieved by management and maintenance inputs or by 

promoting tree resource acquisition from biogeochemical cycles. For 

example, available water resources affect tree growth; in a study of Danish 

street trees, more water led to larger trees (Bühler et al. 2006). A larger tree 

is more efficient in intercepting rainfall via a larger canopy and higher leaf 

area than a smaller tree (Xiao and McPherson 2011, 2016). Unless intensive 

tree management is a realistic option, the source of water for the trees should 

be the natural water cycle, either rainfall or runoff from another area. A 

conclusion can thus be drawn that to provide ecosystem services, trees need 

some ecosystem services to be available to begin with – in this case, trees 

need the water cycle to provide water-related ecosystem service.  

As a parallel but less obvious example, soil organic matter is usually 

considered beneficial for soil properties (e.g. Reeves 1997, Layman et al. 

2016), and better quality of soil resources can be expected to produce faster 

tree growth. Soil organic carbon content must be maintained by continuous C 

input, unless soil conditions are adverse to decomposition, e.g. waterlogged 

or very cold (Jenkinson and Rayner 1977, Oades 1988). Continuous litter 

input and turnover would maintain soil C content and act as a source of 

nutrients, which in turn could lead to improved carbon (C) sequestration by 

the trees via faster biomass accumulation. In effect, improved carbon cycle 

could lead to improved C sequestration of the tree planting. To put it simply, 

it appears that the better the initial state of ecosystem services, the more 

trees can add to them; a positive feedback loop is a possibility that should be 

used to advantage. This interaction between the tree, its environment and the 

ecosystem services produced can be integrated by considering urban 

ecosystem ecology – the pools and fluxes of energy and matter that meet and 

interact within the urban ecosystem. 

�
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1.2 ECOSYSTEM SERVICES, DISSERVICES AND 

COSTS OF URBAN TREES 

The ecosystem services concept is derived from cost-benefit approaches 

(Westman 1977), mainly in the context of environmental protection (Ehrlich 

and Mooney 1983, Mooney and Ehrlich 1997). It is a fairly recent coinage 

(Ehrlich and Mooney 1983) and has served to highlight the benefits that 

humans receive from ecosystem functions. Ecosystem services were classified 

in the Millennium Ecosystem Assessment (Millennium Assessment, 2003) 

into four categories: provisioning, regulating, cultural and supporting. The 

regulating services category is the one most obvious and most commonly 

assessed and valued in the case of urban greening (e.g. McPherson and 

Simpson 2002, McPherson et al. 2005).  The monetary valuation of 

ecosystem services has given rise to policies promoting the value and interest 

in urban greening (e.g. Pincetl 2010, Pincetl et al. 2013, Churkina et al. 

2015). It has been noted, however, that not all ecosystem services accredited 

to urban greening are well founded in research, and the costs (Dwyer et al. 

1992) and disservices (defined as various nuisances and losses produced by 

ecosystem functions, Lyytimäki and Sipilä 2009) related to ecosystem 

services are not always properly taken into account (Pataki et al. 2011). 

Ecosystem services research is often at risk of succumbing to the common 

“green is good” truism (Bentsen 2010), increasing the risk of choosing 

research approaches to produce the desired results. The calculated ecosystem 

service values are uncertain (e.g. Spangenberg and Settele 2010, Hou et al. 

2013), partially related to valuation methods (Spash and Vatn 2006) in 

addition to uncertainty in quantifying the base benefits and thoroughly 

understanding the related ecosystem processes. Besides the common “green 

is good” preconception, the objectivity of the valuation is threatened by the 

high impact of the many value judgements and assumptions that must be 

made (e.g. Farber et al. 2002, Spash 2008).  

However, as stated by Rodriguez-Labajos and Martinez-Alier (2013), “We 

side with the sceptics but we understand the logic of those who are keen to 

apply monetary valuation and payments for ecosystem services”. While the 

valuation of ecosystem services and disservices and their net effects is still 

seen as requiring improvement in many areas, the urban development and 

policymakers need decision tools today. Thus, several ecosystem service 

assessment protocols and tools, such as CITYGreen (Longcore and Wilson 

2004) and i-Tree tools (McPherson 2010), are available for urban greening 

and city trees (Roy et al. 2012). Various benefits that trees can provide, such 

as rainfall interception (Xiao and McPherson 2002) to aid stormwater 

management, and energy savings caused by shading and wind protection 

(McPherson and Simpson 2003), are related directly to tree size, mainly to 

tree leaf area and/or canopy cover derived from coverage of individual tree 

crowns (Nowak 1996, Bolund and Hunhammar 1999, Nowak et al. 2006, 

Dobbs et al. 2011). Thus, large trees give more benefits than smaller trees of 
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the same taxa and vitality (Rowntree and Nowak, 1991, McPherson 1992, 

Nowak et al. 2002) and obviously even smaller species and nursery plants 

(Sydnor and Subburayaly 2011). However, the same may apply to ecosystem 

disservices; the balance is yet to be estimated (Dobbs et al. 2011, Roy et al. 

2012). 

In assessing the ecosystem services and disservices provided by urban 

trees, knowledge about the tree population, its species composition and its 

biomass is important. Urban tree inventories have originally been developed 

to aid in practical tree management (Smiley and Baker 1988). The 

inventories also became important in keeping track of the entire urban tree 

population (Sjöman et al. 2012, Östberg et al. 2013), serving as base data in 

ecosystem service estimations. Biomass equations (BEs) are then commonly 

used to derive other tree size parameters from the diameter at breast height 

(DBH) of the urban tree.  

When discussing urban ecosystem services and disservices, it must be also 

noted that the definition of “urban” is not universally accepted (e.g. 

Koninendijk et al. 2006, Raciti et al. 2012b). Trees growing in areas with 

various levels of urbanization and human influence can be broadly defined as 

“urban trees”, forming the “urban forest”. The lowest common denominator 

of the term “urban forestry” is that it deals with forests in urban areas, but 

beyond that the definitions vary greatly both over time and across geography 

and cultural backgrounds, as reviewed by Koninendijk et al. (2006). In this 

work, the term “street tree” is used to refer to trees that have been 

intentionally planted or left within the infrastructure of urban area, on sites 

with predominantly sealed surfaces. “Urban tree”, commonly used in this 

work when referring to the literature, follows the common and more general 

definition in parallel with urban forestry, including all trees in an urban area, 

whether naturally regenerating or planted. Forest and forestry, when used 

without the prefix “urban”, refer to any forests and forestry outside the 

broadest definition of urban forest. 

1.3 STREET TREE ESTABLISHMENT AND GROWTH 

More and more trees are planted in intensively built city centres where the 

state of ecosystem services tends to already be at its weakest (Scalenghe and 

Marsan 2009, Kroll et al. 2012, Setälä et al. 2014). Especially soil sealing 

(separation of soils by layers and other bodies from other components of the 

ecosystem, Burghardt 2006), which is common in densely built areas 

(Schalenghe and Marsan 2008), hampers soil functions. The imperviousness 

of the soil surface affects mineralization of nutrients (Raciti et al. 2012a, 

Zhao et al. 2012, Zong-Qiang et al. 2014) and impedes gas exchange and the 

carbon (e.g. Pouyat et al. 2006, Raciti et al. 2012a) and water cycles (e.g. 

Boyd et al. 1993, Assouline and Mualem 2002, Perry and Navaz 2008, 

Valtanen et al. 2014). Trees growing in such areas can give essential 
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contributions to local ecosystem services, but also highlight the many 

conflicts between urban environments and the requirements for tree survival 

and growth (Randrup et al. 2001, Costello and Jones 2003, Koeser et al. 

2013, Delshammar et al. 2015, Morgenroth et al. 2015, Mullaney et al. 2015). 

The results of these conflicts are often classifiable as ecosystem disservices or 

ecosystem service cost, e.g. sidewalk damage (Nicoll and Armstrong 1998, 

McPherson 2000),  root intrusion to sewer pipes (Rolf and Stål 1994, 

Randrup 2000, Pohls et al. 2002, Östberg et al. 2012) and damage by falling 

trees or branches (Lopes et al. 2009). In parallel with the ecosystem services 

approach, poor performance, short life-span and high mortality of street 

trees are common problems from the tree management point of view 

(Gilbertson and Bradshaw 1990, Skiera and Moll 1992, Roman and Scatena 

2011). Especially tree mortality has been linked to many site-specific factors, 

such as proximity to high traffic, land-use type and level of maintenance, and 

to tree-related factors, such as tree size and species (Nowak et al. 2004, 

Koeser et al. 2013).  

Street trees are planted in increasingly large size (Pauleit et al. 2002); in 

Finland, the current commonly recommended planting size is 6-8 cm DBH 

and trees larger than > 10 cm in DBH may be used (Peurasuo et al. 2014). In 

comparison, the common size range for street trees in the late 1990s was, 

based on a questionnaire to Finnish municipalities, 3-6 cm DBH (Lindén 

2000). Large transplant size may contribute to the often reported poor initial 

survival of planted trees (e.g. Gilbertson and Bradshaw 1990, Pauleit et al. 

2002). Most of the tree root length and also a considerable proportion of root 

biomass are left behind in the nursery (Watson and Sydnor 1987, Gilman 

1989, Gilman and Beeson 1996) when a tree is dug up. For large trees, root 

ball size tends not to increase in proportion to tree size due to nursery 

equipment, transplant weight and handling issues. Transplanting leads to 

transplanting stress (Rietveld 1989) or transplant shock (McKay 1997), 

leading to the reduction of aboveground growth for one to several years after 

planting; root loss and resulting difficulties in water uptake are believed to be 

a major cause of the phenomenon (Harris 2007, Struve 2009). In relation to 

tree size, the transplanted root system tends to be smaller for larger 

transplants, and therefore, planting larger trees may exacerbate the 

transplanting shock (Struve et al. 2000), although there are several 

confounding factors that tend to go hand in hand with tree size (Struve et al. 

2000, Struve 2009).  

Challenges in the life of a street tree do not end with successful 

transplanting. The mainstream of urban tree research assumes that limited 

rooting volume is a major issue for street trees and they suffer from lack of 

soil-derived resources (Krizek and Dubik 1987, Kopinga 1991, Kristoffersen 

1998), an issue that keeps pace with tree size. Currently, the issue is seen as 

one of the main challenges in the field of street tree study, and the trade in 

tree establishment solutions is largely based on this idea (Bühler et al. 2009, 

Mullaney et al. 2015). The connection between street tree site planning and 



���

�

ecological functions of tree soils are rarely explicitly understood, although 

there are many different tree establishment methods and practices, each with 

its own strengths and weaknesses in relation to ecosystem functions. The 

suitability of a given establishment method also depends on both the 

surrounding environment and management practices and resources. It 

follows that no solution is best suited for all geographical and cultural 

contexts.  

In the 1990s, street trees in Finland were usually planted in boxes (e.g. 

Riikonen 1990, Jyränkö et al. 1994), first made of wood, then of corrugated 

metal fencing or concrete; the volume of these boxes was from one to about 

five cubic metres. Average soil volume was still around 2 m3 for street trees in 

the late 1990s (Lindén 2000). It was already known, however, that these 

volumes were often inadequate (Jyränkö et al. 1994, Rolf 1994). Calculations 

of soil volume needed to supply water for tree transpiration (e.g. Kopinga 

1985, Vrecenak 1988, Lindsey and Bassuk 1991) gave volumes that became 

more and more difficult to attain in the heavily competed urban 

environment. It became apparent that using the space under the pavement 

was often necessary if increases in rootable soil volume were to be achieved. 

This space under the pavement is usually not usable for tree roots, because 

achieving load-bearing while avoiding the risk of frost heaving requires heavy 

compaction of the soil or, as is typical currently in Scandinavia, replacement 

of local soil with crushed rock. 

Amsterdam tree soil (Couenberg 1994) is often stated to have been the 

first successful attempt in allowing root development under pavement. 

Amsterdam tree soil comprises sharply graded sand that is mixed with a 

small amount of organic matter and clay (Couenberg 1994). Its main 

disadvantage in northern Scandinavia is that it is not entirely frost heaving-

free due to the fine overall particle size distribution (Ferguson 2005). In the 

early 1990s, the idea of structural soils (often also called skeletal soils) 

emerged in the literature (Rolf 1994, Grabosky and Bassuk 1995, Neal and 

Whitlow 1997, Kristoffersen 1999).  According to Rolf (1994), structural soils 

were first used in the Netherlands in the 1980s, and in 1994 were also in use 

in Sweden, Germany, Norway and Denmark. Structural soils share the same 

basic idea with Amsterdam tree soil; they consist of a two-component 

material mix that allows for both load bearing and tree root growth. Instead 

of sand, rock forms a load-bearing and frost-heaving-free matrix with some 

empty space within. This empty space is protected from compaction and can 

be filled with material suitable for root growth. In addition to structural soils, 

various “suspended pavement” solutions were known from early on (e.g. 

Smiley et al. 2006), giving uncompacted soil volume for tree roots by 

bridging the road or footpath over the tree soil with e.g. large concrete slabs. 

These methods have not gained much popularity, likely because they have to 

be planned and built case by case.   

Early reports on tree growth on structural soils relative to topsoil in 

experimental conditions gave generally similar (Kristoffersen 1999, Grabosky 
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et al. 2001, 2002) or weaker but still acceptable (Kristoffersen 1999, Smiley 

et al. 2006) tree growth. Overall, studies of tree growth on structural soils are 

somewhat conflicting. This is not surprising, as the category contains very 

different implementations of the base idea (e.g. Costello and Jones 2003, 

Bartens et al. 2009, Xiao and McPherson 2011), and tree species and 

maintenance in the trials have varied. Increasing evidence exists that 

different tree species perform best with different establishment methods 

(Bühler et al. 2007). Much of the research has aimed to produce results 

directly applicable to practice in certain regions and conditions, and thus, 

application of the results elsewhere is problematic. Recently, the study by 

Grabosky (2015) called for a common standard for reporting the properties 

of tested structural soils , which is a step in the right direction. Variation of 

experimental conditions, species and maintenance is, however, difficult to 

overcome in a research field so dependent on its practical application. The 

few existing studies with a more theoretical approach give valuable insights 

into root resource acquisition and water relations in structural soils (Loh et 

al. 2003, Grabosky et al. 2009).  

In the wake of structural soil development, several solutions that combine 

the “suspended pavement” methods and load-bearing matrix methods have 

arisen. Constructing the load-bearing matrix from e.g. stackable, durable 

plastic elements or steel or concrete pillars allows for a larger fraction of fine 

soil than the stone matrix (Bartens et al. 2010). These methods have not been 

researched much or gained a real foothold in Scandinavia yet, perhaps 

because most share the same problem as the “suspended pavement” method; 

they must be planned and constructed case by case, increasing the cost of the 

process. Stone-based structural soils can be easily integrated in Scandinavian 

street construction, presenting few problematic vertical boundaries in soil 

load-bearing capacity. There have also been some trials of “humusless” tree 

soils, i.e. growing media that has little to no fine soil. This is based on the 

idea that soil O2 availability is very critical for tree roots, and this type of soil 

is easy and relatively low cost to build (Schönfeld 2004). Results from this 

line of research are scant and somewhat mixed (Schönfeld 2004, Andreasson 

et al. 2014). 

Overall, all of these street tree establishment methods when successfully 

applied provide an increase in rootable soil volume for trees compared with 

open tree pit size realizable on the same site. However, the soil surface 

sealing above the soil volume (e.g. asphalt or pavement) can be seen as 

diminishing many of the benefits that this additional soil volume could 

provide. Soil sealing prevents or hampers gas and water fluxes as well as 

carbon and nutrient cycles (Schalenghe and Marsan 2008), isolating the soil 

underneath. Therefore, it is not a surprise that comparison with a large open 

planting pit (at least 15 m3 with at least 12 m2 unsealed surface) in Denmark 

shows that tree growth in structural soil or Amsterdam tree soil is not as 

good within the first 15 years (Bühler et el. 2007). In contrast, in a case 

studied in New York, better tree growth has been found 10 years after 
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planting on structural soil than on regular soil with lawn (tree lawn) 

(Grabosky and Bassuk 2008), but, unfortunately, the corresponding soil 

volumes or the level of maintenance were not reported. Permeable 

pavements, concrete and asphalt appear as possible solutions to some of the 

issues caused by soil sealing, allowing for varying degrees of water and gas 

exchange (Morgenroth and Buchan 2009, Morgenroth and Visser 2011). The 

problems in nutrient and carbon cycles caused by soil sealing (Raciti et al. 

2012a) likely cannot be solved  by these advances, as litter is either removed 

or blown away from paved sites and the transport of particulate matter 

through even permeable materials is uncertain (Nehls et al. 2006). 

1.4  CARBON IN URBAN TREES AND SOILS 

Over time, carbon (C) taken up in photosynthesis is accumulated in the 

biomass of trees, some stored for decades or centuries in the woody biomass, 

some released back to the carbon cycle much sooner as litter. Litter may end 

up in longer term storage in soil as soil organic matter or return to the 

atmosphere sooner or later. In terms of measured tree biomass, the long-

lived compartments dominate, but in terms of annual investment of C, the 

short-lived, litter-producing leaves and fine roots become very important. In 

assessing C sequestration of urban trees, it is conventional to account only 

for the C in the current live biomass (e.g. Nowak and Crane 2002, Díaz-

Porras et al. 2014, but see also Zheng et al. 2013). The destiny of litter can be 

difficult to trace, and no validated estimation methods for root or root litter 

biomass are available for street trees.   

Changing biomass partitioning is one of the mechanisms to allow tree 

acclimation and adaptation to its environment (King 1991, Berninger and 

Nikinmaa 1994, 1997, Ibrahim et al. 1997, King et al. 1999, Mäkelä 1999). 

Changes in biomass partitioning show at different paces in short-lived leaves, 

composed of very recently accumulated biomass, than in the woody 

structure, which grows over a longer time period. There are indications that 

scarcity of soil resources can increase the belowground biomass in relation to 

the aboveground compartment (Vanninen and Mäkelä 1999, Coleman et al. 

2004, Helmisaari et al. 2007, but see also e.g. Ingestad and Ågren 1991). 

Heavy competition for light tends to produce slender, tall trunks with few 

and smaller branches (Ilomäki et al. 2003). It appears that the opposite is 

true as well; without competition for light, trees have larger branches and 

less biomass in the trunk (Ares and Brauer 2005, Zhou et al. 2014), but as 

this situation is not commonly encountered in native forest or traditional 

forestry, data is scarce.  

Many models dynamically describing the formation of tree structure with 

biomass allocation and structure relationship rules have been developed and 

tested against measurements from forest stands with varying success 

(Lacointe 2000, Sievänen et al. 2000, Godin and Sinoquet 2005). Several 
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such models and also the origins of tree biomass equations are based on pipe 

model theory (Shinozaki et al. 1964 a, b). Pipe model theory states that there 

is a constant quantitative relationship between leaf mass above a certain 

point and sapwood area below it. The original form of the theory (Shinozaki 

et al. 1964a) makes no statement as to how this relationship is formed, 

allowing it to be the product of both water transport capacity needed and the 

demands of structural stability.  

There is evidence that not all tree biomass relations conform to the pipe 

model theory (e.g. Mäkelä 2002, Gilman and Grabosky 2009, Gehring et al. 

2015, Sattler and Comeau 2015), but neither do observations go directly 

against it; some form of constant relationship between biomass 

compartments is commonly found. Thus, derivation of tree biomass, leaf 

area, etc., from tree DBH with biomass equations (BEs) is a common 

practice, also in urban forestry (e.g. Nowak 1996). What is known concerning 

tree structure and biomass relations is, however, mostly drawn from 

measurements of trees growing in either managed or unmanaged forests, 

which may be a problem because tree structure adapts to its environment. 

Biomass and structure studies on urban trees are becoming available 

(Gilman and Grabosky 2009, McHale et al. 2009, Dahle et al. 2014), but as 

yet, they cover little of the tree species and growing site variation 

encountered in urban environments. Thus, the biomass and C storage of 

urban forests is commonly based on non-urban tree BEs (e.g. McPherson et 

al. 1994, Hutyra et al. 2011, Strohbach and Haase 2012) and usually does not 

account for root biomass. With such methods, the findings indicate that C 

storage in urban forest aboveground biomass per area is, for example, about 

half of that in natural forests in the same region in USA (Nowak and Crane 

2002). Overall, however, such comparisons are difficult to make due to 

varying land uses represented and different definitions and methods 

employed in the studies (e.g. Jo 2002, Davies et al. 2011, Strohbach and 

Haase 2012).  

Depending on the ecosystem in question, soil can also contain a 

considerable C stock; globally, soils are the largest terrestrial C pool 

(Schlesinger 1997), which applies to boreal forests as well (Liski et al. 2006). 

In a vegetated area, organic matter is constantly produced and incorporated 

into soil. Soil organic matter is composed of both live and dead organisms, 

and the composition of these constituents can be very complex. Organic 

compounds differ widely in their ease of decomposition, and fractions more 

resistant to decomposition tend to accumulate in the soil organic matter.  

In a native environment, the soil organic matter is often considered to be 

in a dynamic steady state (Jenkinson et al. 1990), meaning that annual input 

and mineralization are approximately equal. In many instances, this 

assumption does not hold in reality; for example, Finnish upland forest soils 

are believed to be accumulating soil C (Lehtonen and Heikkinen 2015). 

Similarly, in urban areas, the assumption of dynamic steady state is often not 

valid. Land use change, which can be found at the origin of any urban soil, 
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brings about a change in the input and mineralization of organic matter in 

the ecosystem. The C stock and input to soil in the ecosystem often initially 

decreases drastically in a land use change from either agricultural or forest to 

urban (Chen et al. 2013), but the long-held assumption that this deprived 

state of soil C stock continues appears to be false (Churkina et al. 2010, 

Edmondson et al. 2012, 2015). Evidence is starting to accumulate on long-

term effects (Pataki et al. 2006), implying that C stock development after this 

initial decrease is likely to be positive (Scharenbroch et al. 2005, Bae and Ryu 

2015), depending, however, to some extent on the climatic region. At least in 

arid areas, resources are invested in urban plant irrigation and fertilization, 

which may bring about higher soil C stocks than usual in the surrounding 

areas (Golubiewski 2006, Pouyat et al. 2006). C stocks of urban soils have 

not yet been very strongly tied to urban trees, but recent research suggests 

that the selection of urban tree species may have an effect on soil C stock 

dynamics (Edmondson et al. 2014), and planted urban soils appear to have 

higher C stocks than sealed soils (Edmodson et al. 2012, Wei et al. 2014).  

1.5 WATER AND URBAN TREES 

For an urban tree, several stumbling blocks hinder the natural water cycle. 

One issue often identified is that soil volume and soil water storage accessible 

to tree roots tend to be limited (Loh et al. 2003, Buhler et al. 2007). Rainfall 

may not be able to enter soil because soil is sealed, as is seen in the 

relationship between runoff percentage and soil sealing (Pauleit and Duhme 

2000, Matteo et al. 2006, Valtanen et al. 2014); also several studies show a 

connection between the area of open soil surface around trees and tree size at 

a given age (Grabosky and Gilman 2004, Sanders et al. 2013, Sanders and 

Grabosky 2014). From the early days of urban forestry as a field of study, it 

has been commonly assumed that urban trees often suffer from drought (see 

discussion in Whitlow and Bassuk 1987), but there is surprisingly little 

research that directly supports this supposition (Hodge and Boswell 1993, 

Bühler et al. 2006, Nielsen et al. 2007). Flooding or excess water in the soil, 

which could also be caused in part by the impaired water cycle in the urban 

environment, is even more rarely shown to be a problem for urban trees 

(Berrang et al. 1985, Smith et al. 2001).  

Because of the urban heat island (Oke 1982), urban trees are likely to face 

higher water vapour pressure deficit (D) situations than are common in 

forests in the same climatic region. Both the supply and demand of water 

may thus be different in urban areas than in rural or forested areas. When 

discussing water relations of trees, the distinction between aboveground and 

belowground environment is somewhat artificial; water availability 

experienced by trees is a combination of supply and demand, the first of 

which is largely determined by underground conditions and the latter by 
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aboveground conditions, the two being separated by soil sealing to a much 

higher extent than in forests.  

In well-watered conditions, plant transpiration is roughly similar to 

evaporation from a wet surface, driven by the energy supply for a water phase 

change from liquid to vapour form and a partial pressure gradient driving 

vaporised water away from the evaporating surface. A boundary layer of 

unmoving air forms between the evaporating surface and atmospheric air, 

through which the vapour must diffuse. In a forest or agricultural field, the 

canopy is usually considered uniform, i.e. the boundary layer is assumed to 

be one continuous horizontal layer between the canopy and atmosphere – a 

problematic assumption for urban trees, which are typically sparsely spread 

or isolated. Air mixing, i.e. wind, will keep the boundary layer thin, bringing 

about convective mixing of air mass, which speeds up the evaporation 

process. In plants, the vaporisation of water happens in the intercellular 

spaces, which are connected to the atmosphere via stomata. Transpiration is 

determined largely by the same factors as evaporation, but the plant is able to 

regulate the transfer of gases in and out of leaf intercellular space via 

regulation of stomatal openings. Stomata react to environmental factors such 

as light intensity, D, air CO2 content and tension of water within the tree, 

signalling water availability. Also hormonal signals, especially abscisic acid, 

are involved in stomatal regulation (Johnson et al. 2001, Cutler et al. 2010). 

The stomatal control can regulate the gas exchange between the plant and 

atmospheric air, but this happens at the expense of carbon uptake and 

growth; closing the stomata to prevent water loss will also cut off the source 

of CO2 apart from what can be recycled from the plant’s own metabolic 

processes. In addition to stomatal regulation, there are numerous long-term 

and short-term mechanisms of water loss control that plants have at their 

disposal, reviewed by e.g. Chaves et al. (2002) and Bréda et al. (2006). The 

transpiring leaf area of a tree is strong determinant of water use, and leaf 

abscission in reaction to drought is a way to downscale the need for water 

(Battaglia et al. 1998, Marron et al. 2003).  Tree crown structure and even 

leaf petiole length, leaf size or leaf angle (Forseth and Teramura 1986, King 

1997, Van Zanten et al. 2010) may have an effect on transpiration via leaf 

exposure, self-shading and regulation of the thickness of the boundary layer.  

The interrelations of urban trees and water can be examined from the 

point of view of water availability, lack or excess, experienced by trees, but 

the disturbed urban water cycle implies also a need for stormwater 

management in the urban environment, bringing about the ecosystem 

services approach to urban tree water issues. The runoff from sealed surfaces 

and other poorly permeable areas in a city must be controlled to prevent 

floods, as flooding events are both costly (e.g. Dutta et al. 2001, Morita 2008, 

Muis et al. 2015) and potential health hazards (Ahern et al. 2005). 

Stormwater management is usually predominantly considered over the short 

term because flooding events follow high-intensity rain events, i.e. high 

amounts of rain in a short time. In this rain-event time scale, urban trees aid 
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in stormwater management mainly by intercepting rainfall in their canopies 

(e.g. Herbst et al. 2006, Xiao and McPherson 2011). Canopy rainfall 

interception can be considerable and can be modelled on a large scale with 

relatively simple canopy parameterization  (Muzylo et al. 2009).  The role of 

tree transpiration becomes visible mostly over a longer time scale, as it 

participates in emptying the soil water storage capacity for the next rain 

event. The linkage and importance of this in relation to short-term rainfall 

event level dynamics are relatively poorly known (Rauch et al. 2005). 

1.6 CONNECTION BETWEEN WATER AND CARBON 

CYCLES IN URBAN TREES 

Trees transpire water constantly while stomata are open, which in turn is 

a requirement for carbon dioxide uptake. This creates a strong link between 

water and carbon cycles in ecosystem. Atmospheric demand for water is 

dependent on air water content and temperature, which together determine 

water vapour pressure deficit (D) of air. Transpiration is also tightly linked to 

transport of substances within trees and evaporative cooling of the plant. Due 

to this linkage in water and carbon flows through the ecosystem, tree growth, 

and consequently, C sequestration, is expected to respond to limitations in 

soil water resources. The effects of drought are rare, yet fairly well known in 

temperate (Bréda et al. 2006) and boreal forest trees (e.g. Irvine et al. 1998, 

Holopainen et al. 2006, Kljun et al. 2006, Duursma et al. 2008), and drought 

tolerance is a basis for urban tree selection and breeding (e.g. Percival et al. 

2006, Sjöman et al. 2015), although studies on street tree water status rarely 

show the problem. 

In addition to drought, soil water conditions can be problematic at the 

other extreme as well. As soil water and soil air, supplying necessary oxygen 

to roots, occupy the same pore space in soils to a large extent, water-

saturated soil causes problems for root functions. Impaired root function due 

to flooding is a long-known phenomenon in forest trees, as reviewed by e.g.  

Coutts and Philipson (1978) and more recently by Sauter (2013) and 

Kreuzwieser and Rennenberg (2014). Flooding is known to affect tree growth 

and survival (Kozlowski 1986, Wall and Heiskanen 2009). Similarly to the 

effects of drought on urban tree vitality and growth, also the effects of 

flooding on urban trees have been demonstrated rather rarely, although the 

phenomenon can be expected to occur in urban environments (Smith 1994, 

Ware 1994). Also the presence of plentiful sealed soil surfaces in urban 

environments implies potentially higher water inputs in unsealed areas, 

depending on local small-scale topography and surface runoff routes. The 

scarcity of quantifiable evidence regarding the effect of soil water status on 

urban trees is no doubt partly due to the fact that these matters may be 

considered self-evident, but it is also quite difficult to assess the soil water 

status for urban trees because the soil environment is highly heterogeneous 
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and often difficult to access. Thus, the concern voiced in the late 1980s 

(Whitlow and Bassuk 1988) appears valid today; some of the most critical 

beliefs concerning urban trees and their environment are still largely derived 

from practical experience and anecdotes. 

Even in forestry, not much is known about the effects of short- and long-

term soil water status on tree crown structure (Grier and Running 1977, 

White et al. 1998, King et al. 1999), although it is known that firstly, water 

availability is one of the most important environmental factors affecting 

plant growth, and secondly, trees respond to their environment with changes 

in biomass allocation. While hypotheses concerning the effects of water 

availability on tree structure can be supported by comparison of biomass 

allocation between tree species (Litton et al. 2007), such comparisons cannot 

determine whether the variation shows genetic (adaptation) or phenotype 

(acclimation) -level effects. The urban flora and fauna tend towards being 

more different from local native than other urban populations elsewhere (La 

Sorte et al. 2007); also some urban tree clones are very widely used. This 

clearly opens an avenue for understanding the tree biomass relations and 

allocation in relation to environmental factors, as the same urban tree 

species and even the same clones can be studied in different climates around 

the world.  
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2 AIMS OF THE STUDY 

The aim of this study was to analyse the potential of young street tree 

plantings to produce ecosystem services. To this end, tree growth and tree 

carbon and water exchange on selected urban streets were investigated, and 

the relationships between these factors, environmental variables and tree 

properties were examined. 

 

Within this general framework, specific aims of the study were as follows: 

• To evaluate tree transplanting recovery in relation to tree structure and 

soil water conditions and the development of crown structure (Study I). It 

was hypothesized that:  

o Crown allometry reflects site conditions and tree transplant recovery 

status. 

o Soil moisture has a clear influence on tree growth in boreal urban 

conditions. 

• To assess the carbon sequestration effects of urban tree plantings with 

artificial tree soil by measuring soil and tree carbon content dynamics 

during the first nine years from tree planting, and to predict tree biomass 

C sequestration about one hundred years in the future (Study II). The 

hypotheses were: 

o Existing biomass equations are sufficient for the prediction of tree 

biomass. 

o Major changes in soil organic carbon content will occur after 

establishment.  

o Under common local practices, the C loss from artificial tree soil under 

pavement offsets the beginning of net C sequestration of street tree 

planting beyond the current life expectancy of street trees. 

• To assess the potential effects of tree transpiration on stormwater 

management by measuring street tree water use and to determine the 

most significant drivers of water use (Study III). It was hypothesized that: 

o The annual variation in tree water use can be predicted with variation 

in microclimatic factors, soil water availability and tree leaf area.  

o On an annual time scale, street tree transpiration can significantly 

contribute to urban stormwater management. 

 

Observations of tree structure, biomass relations and growth were used to 

investigate transplanting recovery, carbon dynamics and also the 

interrelation of tree structure, water availability and use. Soil carbon stock 

changes were evaluated with repeated soil sampling from three different tree 

soils. Tree water use was measured and analysed in relation to 

environmental factors as well as tree-related factors such as tree structure. 

The analysis of tree biomass relations and water use from the case study sites 
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was utilized in predicting the development of the C stock and net 

sequestration of street tree plantings over a longer period of time and the 

assessment of the potential contribution of tree transpiration to storm water 

management. 
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3 MATERIALS AND METHODS 

Materials and methods are described briefly here. More detailed information 

can be found in the original publications (Studies I-III). 

3.1 STUDY SITES 

The studies were conducted on two streets built in 2001-2003. Both are 

regular streets, but they were planned and equipped to allow for continuous 

data gathering for research purposes. Both streets were built with three 

different structural soil growing media, two of them based on commercially 

available tree soils and one mixed specifically for the research site. These 

soils were used for at least three trees on both streets. The streets are located 

in Viikki district, Helsinki, in southern Finland (N 60 15’, E25 03’). The 

climate is hemiboreal and the region is low-lying, with the streets only 2-6 m 

above sea level, and with predominantly clay soils.  

One of the streets, referred to as the Tilia site according to the tree species 

planted as street trees on the site, is some 250 m in length, running roughly 

north-south on the southern side of the University of Helsinki Viikki campus. 

It was built across agricultural fields in the early 2000s, but by 2014, two of 

the lots on the eastern side of the street had been built; one has a parking lot 

next to the street and the other a 2- to 3-storey office building. The western 

side of the street is bordered by a park, parking lots and older 1-storey 

buildings. The asphalt-surfaced street serves as a low-traffic thoroughfare in 

the campus area and slopes from north to south, with the northern end about 

6 m a.s.l. and the southern end at 2 m a.s.l. 
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Figure 1. The Tilia site in early September 2012, ten years after planting, seen from the south 

end and looking towards the north. The studied trees can be seen on the left side of the street, 

between parked cars. The left side of the street borders a park, and on the right side, an 

apartment building parking lot was built in 2009. Office buildings can be seen on the far right. 

The second street, referred to as the Alnus site, is located some 500 m 

east from the main campus area and is surrounded by residential 2- to 3-

storey buildings close to the street, forming a shallow street canyon in 

contrast to the more open Tilia site. The street is a cul-de-sac serving only the 

local residents, paved with concrete unit pavers of 28 x 16 cm with a 2 mm 

sand joint. It is approximately 200 m long, running also roughly in the north-

south direction and slopes only slightly towards the south, from 4 m a.s.l. to 

3.5 m a.s.l. 
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Figure 2. The Alnus site photographed from boom lift in August 2010; view is from north towards 

south. Planting pockets with their granite unit pavers were arranged along the street paved with 

concrete unit pavers.  

3.1.1 STRUCTURAL SOILS 

On both sites, three different structural soils were used, as one of the initial 

aims of the sites was to find a suitable structural soil, made of local materials, 

for Finnish conditions. One of the tested soils was a commercially available 

mix (soil 1), on soil 2, the fine soil fraction was commercially produced 

landscaping soil, and the third mix was made-to-purpose for the study to be 

coarser relative to the other two mixes. In tree soil 1, fine soil was composed 

of peat, sand and clay. In soil 2, fine soil was derived from composted sewage 

sludge mixed with peat, sand and pine bark.  In soil 3, the components of fine 

soil were fine gravel, sand, clay and leaf compost (no peat added in the 

composting process). The structural soils at the sites were built either as 

planting pockets for 2-4 trees (Alnus site) or as a continuous strip (Tilia site). 

The planting strip and pockets were 3 m wide and 1 m deep, and the variation 

in planting distance was such that Tilia trees at the Tilia site had 45-50 m3 of 

structural soil allotted per tree, and Alnus trees planted at the Alnus site had 

15-30 m3 of structural soil allotted for each tree. The different structural tree 

soils each contained ca. 2/3 stones ranging from 30 to 120 mm in size and 

1/3 fine soil by volume. Soils were pre-mixed and installed in three layers, 

each compacted with a vibratory soil tamper.   
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During soil construction root sampling wells made of 100 mm diameter 

PVC pipe with holes drilled along the length of the pipe were installed 

through the entire structural soil layer. The first well was located in the 

corner of the tree grate, 80 cm away from the trunk, and the other 3 were 50 

cm away from the first and each other, in direct line with the tree radius. The 

wells were filled with the fine soil fraction of the respective structural soils.  

Cast-iron tree gratings 2.25 m2 in size were used around the trees, and the 

streets outside the grates were paved over with sand-jointed unit block 

pavers. The planting pockets around the Alnus tree grates were paved with 

160 x 160 mm granite unit pavers with 10-20 mm drainage gravel filled 

joints.  The Tilia trees had 10 x 10 cm granite unit pavers with 10 mm sand 

joints covering an area of 4 m2 around the tree grate, and beyond this, 

concrete blocks (28 x 16 cm) were installed with 2 mm sand joints over the 

planting strip. An average soil volume of 50 m3 per tree at the Tilia site and 

22.5 m3 at the Alnus site was used for the groups of trees on each street for 

which data was usually collected.  

3.1.2 TREES 

In late 2002, 15 Tilia × vulgaris Hayne trees were planted as balled and 

burlapped, DBH 8.2-10.8 cm, originating from Harviala Oy’s nursery in 

Janakkala, near Hämeenlinna in southern Finland. As is common in Finland, 

the trees were unspecified clones, grafted to seedling T. cordata Mill. 

rootstock. Of these 15 trees, 5 did not open their buds in the following spring 

and were replaced in late 2003, and one of the replacements died and was 

replaced yet again in late 2004. Examination of the root balls of the dead 

trees showed very poor root system quality (example given in Figure 3), 

which is assumed to be the main reason for these early tree deaths. No trees 

were lost later than within one year of transplanting. 

Alnus site had 22 Alnus glutinosa (L.) Gaertn. f. pyramidalis ‘Sakari’ 

trees planted also in late 2002. The trees originated from Puutarha Tahvoset 

Oy, located in Pohjankuru in southern Finland. Trees were balled and 

burlapped and the tree DBH at planting was 6.7-11.0 cm, grafted to seedling 

A. glutinosa rootstock. 

At the Tilia site, 3 Tilia trees were planted in tree soils 1 and 2 each, and 

the rest of the trees in soil 3. At the Alnus site, soil 1 had 5, soil 2 had 6 and 

soil 3 had 11 trees planted. At the Tilia site, only 4 and at the Alnus site, 6 of 

the trees on soil 3 were included in the datasets in Studies I, II and III, except 

for the assessment of leaf abscission, which included all trees on each site 

(Study III). These additional trees on soil 3 on each site were planted as 

material for another urban tree study, which was unfortunately discontinued 

early on. On both sites, similarly sized trees were chosen among the nursery 

trees to be planted next to three monitoring points to be built and 

instrumented for sap flow measurements (the intensive monitoring trees). 
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Figure 3. The dug-up root system, 

showing the edges of the initial root ball, 

of one of the originally planted Tilia trees 

not opening their buds in the first year 

after planting. The reason for 

unsuccessful transplanting appears 

quite clear; while being in the soil for 

some 8 months after lifting from nursery 

might have caused some fine roots to 

disintegrate, the root stumps remaining 

appear to be mainly unbranched and cut 

off sharply at the edge of the original 

root ball. The size and quality of the root 

ball appears not in proportion with a 

DBH 8-11 cm tree. 

The trees were irrigated 

weekly in May-August for two 

years after transplanting 

according to standard practice 

(Rakennustietosäätiö 2010). 

Early on, no pruning was 

performed, aside from 

removing broken and dead 

branches and shoots growing from the rootstocks. Regular pruning was 

started in autumn 2008, and thereafter, conducted approximately annually 

for the Tilia trees and every 3-4 years for Alnus trees. Tilia trees, which had 

started with a clear trunk of 160-180 cm, were crown lifted, first with 

reduction pruning of large lower branches and proceeding to lower branch 

removal.  Alnus trees required no crown lifting due to the narrow crown 

shape, thus needing little pruning.  

3.2 METHODS 

Studies I-III used data from continuous automated measurements from the 

study sites and additional weather and micrometeorological data from 

nearby weather and eddy covariance stations. The studies also used manually 

collected data on tree growth and properties and soil properties from the 

study sites. 

At the study sites, a monitoring point with a datalogger was established 

on each soil on each street (Figure 4), at six points altogether. At each 

monitoring point, tree sap flow, micrometeorology and soil environment 

were continuously measured. From each monitoring point, all data were 

recorded to the datalogger at 1- to 30-min intervals, with a 2-min logging 

interval predominating over the growing season and a 10-min interval in 
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winter. All measured data were sent via gsm connection to mass data storage, 

automatically during the growing season and manually in the wintertime. 

3.2.1 DATA 

COLLECTION 

3.2.1.1 Aboveground 

environment 

At the study sites, each 

monitoring point had 

photosynthetically active 

radiation and 

temperature measured on 

top of an 8-m-tall pole. In 

addition, several variables 

were used in Study III: 

rainfall (p), wind speed 

(u), water vapour 

pressure deficit (D), 

global (I) and net all-wave 

radiation (Rn). These 

were either measured at 

the nearby (4 km SW) 

SMEAR III eddy 

covariance measuring 

station (60°12', 24°57', 51 

m a.s.l.), or derived from 

combined SMEAR III and 

tree site measurements. 

Additionally, 

precipitation measured at Helsinki-Vantaa Airport (60°19', 24°57') by the 

Finnish Meteorological Institute was used in Study I. 

3.2.1.2 Belowground environment and soil sampling 

At the study sites, soil temperature and soil volumetric water content (SWC) 

of the fine soil fraction of the structural soil were measured at each 

monitoring point, in six locations altogether, temperature at depths of 10, 30 

and 60 cm and SWC at depths of 10 and 30 cm (Studies I, II, III).  In 

addition to the continuous measurements of soil water content and 

temperature, manual soil sampling was performed at three-year intervals 

from construction: in 2005, 2008 and 2011 (Study II).  In September-

 

Figure 4. One of the measuring points at the Tilia site, 

seen in autumn 2011. Datalogger box on the left along 

with the temperature and PAR radiation measuring pole. 

The tree adjacent to the datalogger box was instrumented 

with sap flow sensors; the black plastic radiation shield 

can be seen attached to the inside of the trunk guard.  
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October, sampling pits were dug on each site and soil, and soil and root 

samples were collected for analysis. At each sampling time, two sampling pits 

were dug on each soil at both sites, 12 pits altogether. These were additionally 

divided into 30-cm layers in the vertical direction. The fine soil of the 

structural soil was collected with an industrial vacuum cleaner, mixed 

thoroughly and sampled.  

The soil organic matter content of the samples was analysed as loss-on-

ignition (LOI) and dry weight, and loose bulk density was measured (Study 

II). Particle size distribution was analysed with dry sieving and a laser 

diffractometer (Study II) and water holding capacity with pressure plate 

apparatus (Study I).  Separate subsamples were incubated to assess the 

temperature, moisture and LOI dependence of soil respiration. Visible roots 

were picked and eight subsamples were placed in incubation bottles that 

were filled with atmospheric air of known composition, sealed and placed in 

four different temperatures (5-25°C) for 24 hours. CO2 production was then 

measured from bottle headspace air samples with a gas chromatograph.  

 

3.2.1.3 Tree measurements 

Three of the trees on both study sites were measured for sap flow, and from 

six to twelve trees on both sites were measured manually for growth and 

various crown characteristics. Additionally, a small number of older street 

tree plantings in Helsinki were measured for DBH (Study II).  

The intensive monitoring tree at each measuring point was instrumented 

with sap flow sensors (Study III) to gain a measure of tree transpiration. The 

construction and installation of the sensors are as described in Hölttä et al. 

(2015). Daily mean transpiration for the years 2008, 2009, 2010 and 2011 

was calculated (Study III). Daily means were considered preferable to annual 

sums because daily means could be attained without gap-filling the data.  

Manual tree measurements aimed to estimate the development of tree 

crown properties, tree growth and biomass accumulation in different tree 

parts. Tree trunk circumference at breast height and crown dimensions were 

measured for all trees in the research sites annually. The annual total shoot 

extension of the trees was measured for each year based on 30 measured 

shoots per tree, after shoot growth cessation (Study I). The within-year 

change in leaf area was estimated based on shoot growth rate measurements 

of six trees per site each year (Study III). From each sampled tree, three first-

order branches were chosen for measuring shoot extension growth 2-3 times 

per week during the period of active growth. After the shoot growth 

cessation, the number of leaves was counted every 1-2 weeks for five 

randomly chosen lower crown shoots of all trees on each site. Mean number 

of remaining leaves was then compared with the number of leaves at growth 

cessation. Combined, the shoot growth rate measurements and follow-up of 
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leaf loss in the autumn formed an index for intra-annual leaf area change 

(Eq. 4, Study III). 

For the annual measurement of tree leaf area and biomass (Figure 5), the 

diameter of all first-degree branches and diameter of the trunk above each 

branch were measured, and the height of the branch on the trunk and the 

trunk diameter below the branch were recorded (Studies I and II). Leaf 

samples were collected from a sample of branches and branch leaf area 

measured. Both branch basal area and branch leaf area were log-transformed 

and a linear relationship was established between them (Study I). This was 

then used to estimate the leaf area for each tree.  

 

Figure 5. Tree biomass and leaf area measurements. First, the height and diameter of each live 

branch were recorded, together with trunk diameter below the branch. Then, the tree live crown 

was divided into three sections of equal length, and a median diameter branch was selected from 

each section for leaf area and biomass measurements. 

For tree biomass estimation (Study II), the diameter of each first-degree 

branch was used to estimate its dry woody and leaf biomass based on 

diameter/dry mass relationship determined for a sample of pruned branches. 

To estimate the amount of carbon in leaf litter and pruned branches at a 

given time (Study II), each leaf cohort of the measured trees was subjected to 

decay function (Olson 1963) at an annual time step.  Tree trunk volume was 
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calculated from the trunk diameter and branch height data collected as 

stacked cylinders, using specific gravity for Tilia americana L. (0.40) for 

Tilia and Alnus rubra Bong. (0.43) for Alnus (Alden, 1995).  

To estimate tree C accumulation in relation to C lost from the tree 

growing media, tree biomass accumulation was predicted for ca. 100 years 

into the future using pre-existing biomass equations (Study II). Equations 

from the literature were used for diameter development over time for both 

species. Only one predictive equation was available for Alnus and two for 

Tilia (Study II, Table 1). Based on the predicted DBH, C in aboveground 

biomass, roots and separately in leaves, branches and stem was estimated 

with biomass equations (BEs). Also each leaf cohort was subjected to decay 

function as in the measurement-based estimates. A pruning program, 

imitating the regular pruning of street trees, was used to produce pruning 

biomass, which was then subjected to similarly decay over time. To assess the 

applicability of the DBH growth predictions (Study II), data were collected 

for 19 Tilia plantings of known planting year (Mustiala 2003). For Alnus, 

sufficient data for assessing DBH prediction could not be attained.  

The number of trees measured at the study sites for leaf area, biomass and 

annual shoot extension varied annually depending on the type of data 

collected and the time and resources available for the measurements. The 

intensive monitoring trees (one tree per soil on each site) had the highest 

priority and were measured each year. The sampling aimed for 

representativeness and equal numbers of trees from each soil type. The trees 

measured in addition to the intensive monitoring trees, and their priority 

order within each soil type, were randomly selected at the time of the first 

measurements. Thereafter, the priority order always remained the same, but 

the number of measured trees on each soil and site varied from 2 to 3 at the 

Tilia site and from 2 to 4 at the Alnus site. This resulted in repeated 

measurements pattern where the repeat interval varied from one to several 

years for each tree. 

3.2.2 DATA ANALYSES 

Tree transplanting recovery, response to soil water conditions and 

differences between the three tree soils were studied by analysing tree shoot 

growth with a mixed model (Study I). Because the measurements were 

repeated for each tree, a spatial power covariance structure was used in the 

analysis. The sampled trees were treated as if the sampling had been 

completely random. The effects of the three different soils on tree shoot 

growth were compared with Tukey–Kramer adjustment for multiple 

comparisons. 

The effects of soil water status and transplanting recovery were examined 

with regard to the branch basal area to leaf area relationship. To determine 

the parameters of the relationship (Study I), the data on leaf area and branch 

basal area were pooled by species and year, both were log-transformed and a 
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linear regression was fitted between them (Eq. 1, Study I). This was then 

transformed back to the original scale in order to predict leaf area for all 

branches (Eq. 2, Study I; used also in Studies II and III). To determine the 

branch basal area to branch biomass relationship (Study II), a non-linear 

regression was fitted to basal area and biomass measurements without any 

data transformation, as a good fit could be attained on the original scale. 

To examine whether tree biomass measurements produced similar results 

as BEs from the literature, the biomasses of each biomass compartment 

measured for the studied trees were compared with biomasses estimated for 

the same trees with BEs with Tukey’s two-tailed T-test (Study II).  

In Study II, tree soil C loss was estimated with two methods, based on LOI 

change, and with an Arrhenius-type model parameterized with soil 

incubation experiments (Eqs. 4 and 5 in Study II). After the testing of year-, 

soil- and site-specific datasets, the smallest possible number of separate 

parameterizations that presented no heteroscedasticity problems within the 

dataset was used (separate parameterization for each soil and site). This 

model was applied to the tree sites, based on the measured soil temperature 

and water content at the sites. 

To test the possibility to predict annual variation in tree transpiration 

based on microclimate, soil water and tree leaf area, the tree transpiration for 

the years 2008-2010 was modelled with a Penman-Monteith (PM, Penman 

1948, Monteith 1965) transpiration model (Study III).  The measured sap 

flow of the study trees was used as a reference and three model versions of 

increasing complexity were used. The PM model with only a fitting 

parameter c was the version M1, the previous with an added canopy 

conductance function (gc, Eq. 3, Study III; three additional fitted parameters: 

a, b and gsmax) was the second version M2, and the third version (M3) had 

also a submodel for leaf area, canopy surface area and within-year leaf area 

change (L, Eq. 4, Study III; parameter c was replaced by parameter β). These 

model versions with increasing complexity were used with the measured sap 

flux in an attempt to find the simplest model with acceptable accuracy. The 

models were fitted both on an annual level (annual model/parameterization) 

and over the 2008-2010 data for both sites separately (general 

parameterization) on half-hourly time step. Least-squares non-linear 

procedure NLIN of SAS 9.3 was used in parameter estimation. 

For the best-fitting PM model version, the residuals between measured 

and modelled transpiration were compared with the environmental variables 

(T, I, D and SWC) with multiple regression with backwards selection (Study 

III). Additional analysis of the environmental factors affecting transpiration 

was performed with a regression model (Eq. 6, Study III), regressing sap flow 

to I and  D, and the residuals of this regression to SWC. 

Weekly sums of tree water use per m2 of leaf area, so that same days were 

included for both species, were calculated from sap flow measurements and 

compared between the species with Kruskall-Wallis test (SAS 9.3, procedure 

NPAR1WAY) (Study III). To assess whether street tree transpiration could 
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contribute to urban stormwater management, the annual sum of measured 

tree transpiration was compared with total annual precipitation (Study III).  

Estimates of tree transpiration were made for different canopy cover 

percentages (proportion of land area covered by horizontal projections of 

tree crowns) by scaling the measured or PM modelled sap flow per PCA. 

Soil water content differences between years and sites were analysed as 

monthly averages for April-October. Non-parametric analysis of variance for 

repeated measures was performed with Friedmann test (SAS 9.3, procedure 

FREQ), as if the three measuring locations at each site were chosen at 

random. The threshold for significant difference was adjusted as appropriate 

with Bonferroni correction.   

The p-value required for a significant difference and/or effect was set at ≤ 

0.05 for all statistical analyses. 

3.3 ENVIRONMENTAL CONDITIONS DURING THE 

RESEARCH PERIOD 

An overall view of the environmental conditions and weather during the 

research period is presented as background to help in the assessment of tree 

growth and function. Additional weather data are presented in Study III (I, T 

and D at research sites in 2008-2011, Study III, Figure 2). 
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Figure 6. Mean monthly soil water content at Tilia and Alnus sites, at depths of 10 and 30 cm, 

from April to October in the years 2003-2013. The volumetric water content shown is the average 

water content in the fine soil fraction of all tested three soils. Measurements at 30 cm depth at the 

Alnus site began later, in 2006. 
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Table 1. June-August and annual rainfall (millimetres) in the Helsinki region: at the Helsinki-

Vantaa Airport (FMI) located about 11 km NNW, and at the Kumpula SMEAR III station located 4 

km SW from the tree sites. 

 Helsinki-Vantaa Airport Kumpula SMEAR III station 

Year June-August Annual total June-August Annual total 

2003 140 (-70) 510 (-170) n/a n/a 

2004 380 (+170) 840 (+160) n/a n/a 

2005 280 (+70) 660 (-20) n/a n/a 

2006 70 (-140) 560 (-120) n/a n/a 

2007 170 (-40) 760 (+80) n/a n/a 

2008 230 (+20) 850 (+170) 200 841 

2009 240 (+30) 630 (-50) 180 600 

2010 120 (-90) 460 (-220) 190 660 

2011 180 (-30) 510 (-170) 270 840 

30-year average  206 682 n/a n/a 
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Figure 7. Average monthly air temperature at the research sites from 2003 to 2012 (dark line) 

and 30-year average monthly temperatures for the  nearby Helsinki-Vantaa Airport  for 

comparison (light grey line, FMI, Pirinen et al. 2012).  

Rainfall and soil water content can both be used to describe the water 

availability experienced by the trees. Volumetric soil water contents (SWC) at 

both 10 cm and 30 cm depths were significantly different between the sites, 

with higher values at the Tilia site. The trees at the research sites were 

irrigated only in the first two years (2003-2004); year 2004 was also 
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unusually rainy (Table 1). In 2006, SWC descended to a level not seen before 

or since (Figure 6). At the Finnish Meteorological Institute (FMI) weather 

station nearest to the research sites, the Helsinki-Vantaa Airport, July 2004 

was the rainiest (200.7 mm) and July 2006 the driest (4.2 mm) within the 

30-year period from 1981 to 2010 (Pirinen et al. 2012). The two measuring 

stations closest to the tree sites, FMI Helsinki-Vantaa Airport and Kumpula 

SMEAR III, are separated by a distance of ca. 13 km from each other. The 

considerable differences in both June-August and annual rainfall between 

the two stations (Table 1) support the use of measured soil moisture as the 

primary factor in analysis of tree response to water availability, as the rainfall 

at the research sites was not measured, and it appears that the local variation 

in rainfall in the Helsinki region is quite high. 

Table 2. July average soil and air temperatures at the tree sites and average RH (relative 

humidity) at the Kumpula SMEAR station compared with the 30-year average at the Helsinki-

Vantaa Airport. Deviations from the 30-year average at the Helsinki-Vantaa Airport are given in 

parentheses. 

Year 

Tree site soil 

T °C, 30 cm 

depth 

Tree site air T °C 

(deviation from 30-

year average) 

Kumpula air T °C, 

(deviation from 30-

year average) 

Kumpula RH % 

(deviation from 30-

year average) 

2003 19.4 20.9 (+3.2) 20.6 (+2.9) 70 (+4) 

2004 17.3 17.0 (-0.7) 16.5 (-1.2) 75 (+9) 

2005 19.8 19.4 (+1.7) 19.4 (+1.7) 64 (-2) 

2006 20.4 19.2 (+1.5) 19.0 (+1.3) 55 (-11) 

2007 18.4 17.8 (+0.1) 17.3 (-0.4) 72 (6) 

2008 17.4 17.6 (-0.1) 17.5 (-0.2) 65 (-1) 

2009 17.2 17.4 (-0.3) 16.9 (-0.8) 68 (+2) 

2010 20.4 22.2 (+4.4) 21.9 (+4.2) 66 (0) 

2011 19.3 21.1 (+3.4) 20.6 (+2.9) 69 (+3) 

2012 17.1 17.9 (+0.2) n/a n/a 
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Figure 8. Average monthly D (kPa) at the Tilia (dark line) and Alnus (light line) sites in 2003-2011.  
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4 RESULTS  

4.1 TREE TRANSPLANTING RECOVERY, SHOOT 

GROWTH AND CROWN ALLOMETRY  

4.1.1 TREE TRANSPLANTING RECOVERY AND SHOOT GROWTH  

The results up to the year 2008 showed an ongoing increasing trend in Tilia 

annual shoot extension growth (Study I; Figure 9), indicating that 

transplanting recovery had not yet concluded. Very little shoot growth was 

evident in 2003-2005, but in 2006 - 2008 improvement was seen primarily 

in trees growing on soil 2. Time since transplanting was a significant factor in 

annual Tilia shoot extension in 2004-2008, but the current or previous year 

soil water content had no discernible effect. When the years from 2003 to 

2007 were analysed, leaving out the last year in the dataset, the transplanting 

effect could not be seen, but a negative influence of previous year’s high soil 

water content on shoot growth was revealed. Based on the mixed model 

(Study I), soil 2 had the highest effect on shoot growth over the entire period, 

when soil water content was taken into account. 

In Alnus, the annual shoot growth increased for 3 years after 

transplanting and thereafter remained at a relatively steady level, apart from 

lower shoot growth in 2006 (Study I; Figure 9). This indicated that Alnus 

transplanting recovery was mainly over already in 2005, although time since 

transplanting was significant factor in explaining shoot extension over the 

entire 2003-2008 period. Annual shoot growth was smaller on soil 1 than on 

the other two tested soils, which did not differ from each other. In Alnus tree 

shoot growth, soil water effects were significant for the current rather than 

the previous year; also contrary to Tilia, the effect of increasing soil water 

content was positive rather than negative.  
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Figure 9. Annual shoot extension of Tilia (a) and Alnus (b) in the three tested soils during the 

period 2003-2008. Trees were planted in autumn 2002. The columns represent average annual 

shoot growth, which was measured from 2 to 4 trees and 30 shoots per tree, and the bars show 

standard deviation between trees. 

4.1.2 TREE CROWN ALLOMETRY: BRANCH BASAL AREA – LEAF 

AREA RELATIONS 

In Tilia, the relationship between branch basal area and leaf area was close to 

linear (Study I). The correlation between ln-transformed branch leaf area 

and branch basal area varied from 0.85 to 0.97. The relationship between 

branch basal area and leaf area seemed to tend towards linear, with 

significant deviations from α = 1 seen only in two years. The first year of 

observations, 2004, was an exception; the relationship was somewhat 

exponential (Table 3). Another exception was the year 2005, when the 

relationship leaned slightly towards saturating (α was at its lowest, but not 

significantly different from 1).  

For Alnus trees, the leaf area to branch basal area correlation was 

strengthened as years from transplanting passed (Table 3). Also soil water 

content had an effect on crown allometry in the early years (Study I, Table 3). 

Leaf area was smaller on small branches in the dry year of 2006 than in the 

previous and next years, leading to exponential branch and leaf area 

relationship. Also the correlation between branch leaf area and branch basal 

area was at its weakest in 2006. A slightly exponential relationship 

dominated until 2010, and the deviation of α from a value of 1 was detectable 

in the dataset in 2007-2010.  
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Table 3. Linear model (ln AL = β + α ln AB), where AL is the branch leaf area and AB is the branch 

basal area, parameter estimates. Values of α marked with * differ significantly from 1 (F test at 

p<0.05). Parameter values indicated with the same letter do not differ significantly (paired 2-way 

T-test at p < 0.05). Data for years 2004-2008 are also presented in Study I, Table 3. 

 Tilia Alnus 

Year obs. α β R
2

 obs. α β R
2

 

2004 15  1.43
a

  * -2.79
a

  0.92 21 0.90ª -1.17
ac

 0.78 

2005 24 0.92
c

  -2.07
b 

 0.85 26 1.11
ab

 -1.29
acd

 0.92 

2006 26 1.04
bc

 -2.12
b

  0.93 24 1.32
b

 * -1.98
b

 0.77 

2007 25 1.01
bc

 -1.60
e 

 0.95 32 1.17
b

 * -1.31
acd

 0.97 

2008 20 1.13
b 

 -1.97
bd

 0.94 21 1.15
b 

* -1.40
ad

 0.99 

2009 21 1.13
bc

 -1.74b
cde

 0.92 19 1.12
ab

 * -1.42
d

 0.98 

2010 21 1.11
bc 

* -1.45
cde

 0.97 19 1.11
ab

 * -1.21
c

 0.98 

2011 18 1.05
bc

 -2.09
bd

 0.94 18 1.15
ab

 -1.79
abcd

 0.89 

4.2 TREE BIOMASS AND SOIL CARBON DYNAMICS 

4.2.1 TREE BIOMASS MEASUREMENTS, BIOMASS EQUATIONS AND 

CARBON ESTIMATES 

The woody biomass of the studied Tilia trees contained approximately 26 kg 

C in 2011 (nine growing seasons since transplanting), 18 kg of which had 

been sequestered at the planting site (Study II, Table 3). About one-third of 

this was in the root compartment and the rest was divided approximately 

equally between the branch and stem compartments (Figure 10). The total 

cumulative C that the trees invested in their leaves from 2003 to 2011 was 

12.5 kg.  Transferring leaves annually to the leaf litter compartment and 

applying the decay model (Olson 1963) with a decay parameter of 0.24 

(Hobbie et al. 2006) to each cohort gave an estimate of 6.3 kg for the 

remaining leaf litter C stock, accumulated over the years, as estimated for 

August 2011. Prunings had only 0.7 kg of C altogether, and 0.6 kg of this 

remained in 2011.  
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For Alnus, the C stock in 

woody biomass per tree was 

measured to be 38 kg in 2011 

(Study II), 32 kg of which had 

been added after 

transplanting. In woody 

biomass C stock, stem C 

dominated, with a 

contribution of approximately 

50% of the total, while 

branches contributed about 

one-third. The relative 

contribution of leaves to the 

total C stock estimate was also 

smaller than in Tilia, both 

because the cumulative C 

investment in leaves (17 kg by 

2011) was about 10% less 

relative to the woody biomass 

than in Tilia, and because the 

leaf decay estimated using a 

decay parameter of 0.6 (Dilly and Munch 1996) was faster than for Tilia. 

Alnus trees needed little pruning, and therefore, both the cumulative and 

remaining C in prunings was negligible. 

The best literature biomass equation (BE) estimates for total aboveground 

or woody aboveground biomass were often quite close to the measurements 

(Table 4). When inspecting the different components of aboveground 

biomass, the BEs performed less satisfactorily than for total aboveground 

biomass. There seemed to be a pattern such that the BEs underestimated leaf 

and branch biomass and overestimated trunk biomass.  
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Figure 10. Average total tree C stock by compartments 

for the studied Tilia and Alnus trees, based on 

measurements in 2011 (Table 3, Study II).  
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Table 4. Biomass of the various tree compartments as measured (kg per tree ± SD, n = 6-12) and 

predicted from the DBH with biomass equations (average of trees included in biomass 

measurements) for each taxon in 2011. The number and letter in superscript indicate the 

equation used (Table 1, Study II). ABW = aboveground woody biomass, AB = aboveground 

biomass, including leaves. * denotes that the biomass model prediction is significantly different 

from the measurement results.  

 
Stem Branch Leaf ABW AB 

Tilia 

measured  

18.6 ± 9.1 18.2 ± 6.2 4.5 ±1.0 36.8 ± 14.9 41.3 ± 15.3 

Tilia predicted 36.1 * 
3d + 3e 

 7.5 * 
3d

 1.4 * 
3b

 

43.2 
1

, 

79.3 *
4

 

47.8 
2

  

42.0 
3a

 

Alnus 

measured 

39.1 ± 6.3 28.0 ± 5.9 6.8 ±1.3 67.1 ± 9.6 73.9 ± 10.8 

Alnus 

predicted  

61.0 * 
5c

 

 69.3 * 
6d

  

60.7 * 
7d

 

12.8* 
5b

 

 5.3 * 
6c

  

7.8 *
 7c

 

1.0 * 
6b

  

1.8 * 
7b

 

48.0 * 
5a

 

73.7 
5b+c 

73.5 
6a-b

 

69.1 
7a-b 

74.5 
6a

  

70.9 
7a

 

4.2.2 SOM DYNAMICS OF STRUCTURAL TREE SOIL  

Calculated per tree soil volume (the current local standard structural soil 

volume of 25 m3 per tree, Rakennustietosäätiö 2010) and LOI given by the 

tree soil manufacturer (or estimated based on soil components), the three 

different structural soils of the tree sites contained 250-900 kg of C per tree 

at the time of construction (Study II). LOI measurements in 2011 indicated 

that more than half of the initial C had been lost on soils 2 and 3, and almost 

half also on soil 1, with the average C loss across all soils being 290 kg per 25 

m3 (Figure 11) and the loss on the entirely peat-based soil 1 around 170 kg on 

average (6-7 kg m-3 since site construction). The C loss model built based on 

the results of soil sample incubation gave slightly smaller, but still 

considerable C loss estimates (Study II, Figure 3).  

These carbon loss values were somewhat confounded by the observed 

change in fine soil particle size distribution. The coarse fraction (>2 mm) was 

more dominant in fine samples after structural soil construction than before, 

implying that fine soil may have been “diluted” by stone chips originating 

from the stone matrix. The proportion of the additional stone material in the 

fraction coarser than 2 mm was on average 25% by weight.  
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Figure 11. Cumulative C loss (± SD) estimated per 25 m
3

 of the three different tested tree soils 

from 2002 to 2011, based on the tree soil loss-on-ignition change. Mean values indicated with the 

same letter do not differ significantly. 

4.2.3 STREET TREE CARBON SEQUESTRATION RELATIVE TO 

GROWING MEDIA C LOSS 

The estimates of tree soil C loss and tree C sequestration since planting show 

that the street trees had sequestered only a fraction of the soil C loss by 2011 

(Study II). In comparison with the average C loss from soil per tree (290 kg), 

the Tilia trees had sequestered ca. 5% of this during the period from planting 

to 2011. Accounting for C in leaf litter brings the tree C sequestration to 8% of 

the average soil C loss per tree. For Alnus, the situation was slightly better; 

10% or 13% of the soil C loss had been compensated by tree sequestration by 

2011, depending on whether one accounts for leaves or not. Considering only 

the peat-based soil 1, Alnus trees had sequestered about 30 kg of C compared 

with the 170 kg C loss (average over the two sites, Figure 7). 

Predictions were made for tree DBH growth, and based on this, C 

sequestration was predicted for the first 100 years after transplanting (Figure 

8). For Tilia, two predictive equations were found (Böckmann 1990, Larsen 

and Kristoffersen 2002); DBH growth prediction based on the German 

forestry yield table (Böckmann 1990) gave DBH values closer to the average 

DBH measured for the sample of Helsinki street trees at given age and a 

smaller bias (Study II), although neither prediction was significantly 

different from the measurements. For Alnus, the validity of the only available 

DBH growth model, based on the German forestry yield table for highest 

fertility site (Schober 1987), could not be assessed, as there were too few and 

too young Alnus street trees available for comparison. 

The next step after predicting a DBH for the trees was biomass estimates, 

which were calculated based on the DBH. Also the C stock in litter and 

prunings was estimated, the latter based on an ideal pruning programme of 

the City of Helsinki. The resulting predictions show that the C sequestration 
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rate of urban trees is fairly low at the beginning; the average soil C loss would 

be compensated in about 60 years of Tilia growth (Study II, Figure 7). The 

lowest soil C loss in the study was predicted to be compensated in 30 years 

and highest in about 80 years. For Alnus, the prediction was even more 

uncertain than for Tilia, but the attained prediction was rather similar to the 

Tilia prediction (Study II, Figure 7).  
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Figure 12. Measured and predicted DBHs for Tilia and Alnus. The DBH predictions, two for Tilia 

and one for Alnus, are based on the literature (see Study II, Table 1). The crosses represent the 

average DBHs measured from the street tree Tilia plantings in Helsinki (± standard deviation, SD) 

plotted against the number of years after planting. The average DBH (± SD) of the two known 

older Alnus glutinosa f. pyramidalis plantings in Helsinki, one at two time-points and one at three 

time-points, are indicated with circles.  

4.3 TREE WATER USE, ITS DRIVERS AND POTENTIAL 

IN STORMWATER MANAGEMENT 

4.3.1 TREE WATER USE  

The water use per tree or per projected canopy area (PCA) was quite different 

for the two species (Table 5), but the leaf area-based transpiration was 

significantly higher for Alnus only in 2009 out of the four years analysed 

(Study III). Daily tree water use was at its highest for both species in 2010, 

about 40-50 l d-1 for Tilia and 60-70 l d-1 for Alnus (Table 5). On a leaf area 

basis, the highest average values measured for July-August over the 2008-

2011 period were about 0.8 l d-1 for Tilia and 1.1 l d-1 for Alnus. 
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Table 5. Daily high-summer tree water use measured for Tilia and Alnus trees. js = Sap flow per 
trunk cross-sectional area,  LA = leaf area,  PCA= crown projection area. Mean water use per 
tree is given for all measurements available in each year in parentheses. 

Tree species 

Year 

Time period 

Tilia  

2008 

9 July -

20 Aug 

Tilia  

2009 

9 July -

20 Aug 

Tilia  

2010* 

9 July-

30 July 

Tilia 

2011  

9 July -

20 Aug 

Alnus  

2008 

3 July -

23 Aug 

Alnus 

2009 

3 July -

23 Aug 

Alnus 

2010 

3 July -

23 Aug 

Alnus 

2011  

3 July -

23 Aug 

Mean js (g 

cm-2 d-1) 
200 330 340 140 260 510 310 270 

Mean per LA 

(l m-2 d-1) 
0.37 0.51 0.78 0.38 0.50 1.09 0.87 0.70 

Mean per 

PCA ± SD (l 

m-2 d-1) 

2.1 ± 

0.6 

3.4 ± 

0.8 

5.5 ± 

1.9 

2.4 ± 

0.6 

7.9 ± 

3.0 

13.3 ± 

3.5 

18.4 ± 

3.2 

9.6 ± 

2.8 

Mean water 

use per tree 

(l d-1) 

19 32 (28) 49 (41) 22 (20) 29 68 (51) 72 (56) 52 (44) 

4.3.2 MODELLING TREE WATER USE  

When fitted annually (annual parameterization) to half-hourly sap flow 
measurements, the prediction by the simplest Penman-Monteith (PM) model 
version, M1 with only one fitted parameter, had an average R2 of 0.70 and 
gave an overestimation of total water use by about 10% (Figure 13 and  
Figure 14). The attempt to fit the model over all of the examined years at each 
site (general parameterization) led to a much lower R2 and gross 
overestimation of tree transpiration on both sites in 2008 and 2011 (Table 2, 
Study III). In the simple regression model (Study III, Eq. 6), the explanatory 
power followed the annual variation in PM M1 model fit (Table 6, Study III); 
if one fit relatively well in a given year and site, so did the other. Overall, 
however, the regression model explained some 10% less of the variation in 
tree transpiration than did the simplest version of the PM model.    
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Figure 13. Measured daily sap flow and predicted transpiration (PM ETT) with the three different 

versions of the PM model (Study II) (annual parameterization) for a) Tilia site and b) Alnus site in 

2009. Solid line: 1:1 relationship. Note the difference in scale of the axes. 
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Figure 14. Measured daily sap flow and predicted transpiration (PM ETT) with the three different 

versions of the PM model (Study II) (annual parameterization) for a) Tilia site and b) Alnus site in 

2010. Solid line: 1:1 relationship. Note the difference in scale of the axes. 

Changing the constant value for canopy conductance of M1 with light and 

D dependent model in M2 improved the fit of the model with both general 

and annual parameterization, more at the Alnus site than at the Tilia site. 

With the annual parameterization, the bias was rather small with model M2 

(Study III, Table 2). Bias in the general parameterization was also somewhat 

smaller than with M1, but still discouraging. Despite the improvement in 

model fit, the value of the scaling parameter did not change much, although 

their interpretation changed; in version M1, the parameter included all 
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canopy properties, while in M2 canopy conductance was explicitly 

considered. 

The M3 model had within-year leaf area change and crown surface area 

effects included in the model. This improved the fit of the annually fitted 

model to an average R2 of 0.80 (Study III), but understandably had little 

effect in 2008 when hardly any leaf area change took place during the two-

month period for which observations of sap flow were available. The M3 

model assumed that transpiration saturates in relation to leaf area index at 

LAI of 6 (as in Granier et al. 2000), which was exceeded in all years and 

species, except in 2008 for Tilia.  Therefore, the additions in the M3 model 

had little effect on the bias in the prediction of annual sums with general 

parameterization, in comparison with M2. However, the explanatory power 

of M3 with general parameterization improved somewhat relative to M2 

(Study III, Table 3), mainly via the effect of canopy surface area, which 

accounted for some, but not all, intra-annual variation in tree transpiration.  

4.3.3 ENVIRONMENTAL CONTROL OF TREE WATER USE 

The PM model residual correlations were analysed both against variables 

included (directly or indirectly) as drivers in the PM model and against one 

variable that was not (SWC) (Study III). Comparing the residual between 

measured and modelled transpiration (sfmeas - ETT) against environmental 

variables gave overall the strongest correlations on both sites in 2008 (Study 

III, Table 5), when the data covered only a period of two months in high 

summer and parameter values were notably different from the other three 

years. In later years, at the Tilia site, T (air temperature °C), I (solar radiation 

W m-2) and D (Pa) were rarely significantly correlated with the residuals, 

indicating that the model described the effect of these variables on tree 

transpiration fairly realistically. In 2009, the only variable significantly 

correlated with the residuals was soil water content, which had a fairly weak 

effect, and in 2010 and 2011, only very weak residual correlations were 

found. At the Alnus site, the correlation with SWC was strong in 2008 and 

detectable in all analysed years, but also T and/or D displayed significant 

residual correlations in most years. Similarly, the regression model (�+�  ln 

(�)+ � �; Eq. 6, Study III) explained the observations from the Tilia site 

better than those from the Alnus site (Study III, Table 6). Regression model 

residuals correlated significantly with soil water content at the Alnus site in 

three years out of the four analysed, but at the Tilia site only in 2008. 

4.3.4 TREE WATER USE AND STORMWATER 

Comparing measured or modelled tree water removal (transpiration and 

canopy interception) in our study against annual precipitation in 2009-2011 

with different scenarios of canopy cover, i.e. surface fractions of vegetation, 

gives an indication of the potential role of street trees in stormwater 
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management. With a canopy cover of 70%, it was estimated that 60-80% of 

annual rainfall could be transpired by the Tilia trees (Study III, Table 7). For 

Alnus, similar percentage of rainfall was transpired with much lower canopy 

cover; less than 30% canopy cover was estimated to be required and an 

amount of water corresponding to average annual rainfall could be 

transpired with less than 50% canopy cover. Taking an estimate of canopy 

interception into account (Figure 15) shows that especially for the columnar 

Alnus with its narrow crown, canopy interception adds relatively little to tree 

stormwater effects. While the different estimation methods (measurement-

based, modelled with two model versions and corrected for soil water effects 

and including canopy interception, or not) shown in Figure 15 gave 

somewhat different results (see also Study III, Table 7), the differences are 

relatively small compared with the species difference seen in the study. 
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Figure 15. Measured and estimated tree water removal compared with annual rainfall as a 

function of canopy cover percentage. The estimates were calculated with the least (PM M1 

general parameterization) and most accurate model (PM M3 annual parameterization), and the 

latter was corrected for SWC effect which was not included in the model (ETT M3 × 

SWChigh/SWCmeas). In the fourth estimate, also the estimated canopy interception (37.5% in 

summer, 27% in winter) was added to the tree water use, because although not measured in this 

study, tree canopy interception is part of tree stormwater effects. 
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5 DISCUSSION 

5.1 TRANSPLANTING RECOVERY, SHOOT GROWTH 

AND CROWN ALLOMETRY 

5.1.1 TREE TRANSPLANTING RECOVERY AND SHOOT GROWTH  

The effects of transplanting on tree growth are fairly well known, although 

varying tree species and season of planting may confuse the situation 

somewhat (Richardson-Calfee et al. 2004, Solfjeld and Hansen 2004). The 

results (Study I) regarding transplanting shock longevity and severity for 

Alnus are in line with other transplanting studies (Barton and Walsh 2000, 

Solfjeld and Hansen 2004, Levinsson 2013). Tilia recovery was slow, 

however, and annual shoot length remained low relative to the literature 

throughout the 2003-2008 period. In a comparative study of transplanting 

seasons, eight-year-old Tilia ‘Pallida’ trees, clearly smaller than the ones in 

this study, were transplanted (Solfjeld and Hansen 2004). The shoot growth 

of these trees was, depending on the season of transplanting, 26-30 cm in the 

first year, 22-59 cm in the second and 33-80 cm in the third year after 

transplanting. The shoot growth of control trees, left in the nursery, was 53-

66 cm. The researchers concluded that trees had reached the pre-

transplanting growth rate by the third year. The Tilia trees in our study had 

shoot growth of 12 cm in their last year in the nursery. Tilia trees on soil 2 

reached and exceeded 12 cm annual shoot length in 2007, and trees on soil 1 

came close enough in 2008 to be considered as having surpassed the 

transplanting shock.  

The annual shoot growth of the studied Tilia trees remained fairly low, as, 

in addition to the much higher shoot lengths recorded by Solfeld and Hansen 

(2004), for example, von der Heide-Spravka and Watson found that average 

Tilia cordata 'Greenspire' shoot extension in Morton Arboretum, Illinois, in 

1987-1988 was from 20 to 31 cm. Previous research reporting urban Tilia 

shoot growth after establishment phase contains measurements from varying 

environments, establishment methods and trees of different ages, but the 

effects of these factors appear not to be investigated systematically, making it 

difficult to get an overall picture. In his structural soil study, Kristoffersen 

(1999) found young Tilia × vulgaris 'Pallida' height growth in Denmark to 

vary in different treatments from 9 to 89 cm, with 78 cm growth on topsoil 

treatment. In the structural soil study of Grabosky et al. (2001), Tilia cordata 

'Olympic' shoot growth was in the third year after transplanting 29 cm in 

agricultural control soil and 18 cm in structural soil. Also lower shoot lengths 

have been recorded; however, in an extensive urban tree survey conducted in 

30 towns and cities all around Great Britain in 1989 (Hodge 1991), average 

shoot growth of the 214 Tilia trees surveyed varied from 10 to 12 cm in age 
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classes from 10 to 50+ years. Shoot growth in our experiment was more 

comparable to this field survey and trees on less favourable growing media 

and structural soils than to the research conducted in the more amenable 

arboretum, nursery, field or topsoil conditions. Also the difference in climate 

is such that less shoot extension growth may be expected in Helsinki with its 

cooler climate. 

While Tilia spp. are common urban trees in e.g. Europe (Sjöman et al. 

2012, Pauleit et al. 2002), and consequently, fairly commonly studied, Alnus 

is not a particularly important forestry or urban tree taxa and data are 

therefore much more scarce concerning its annual shoot growth; no data was 

found concerning the shoot growth of A. glutinosa f. pyramidalis. Neither 

was there any data available on our dataset on shoot growth at the nursery, 

but the increase in shoot growth after transplanting in Alnus was quite clear 

and also levelled out more clearly than in Tilia (Figure 9.), allowing some 

confidence in judging the transplanting shock length from our data alone. 

Alnus glutinosa is known to be a fast-growing tree relative to other native 

forest trees in Finland (Miettinen 1933). Young seedling height growth of 

Alnus glutinosa, originating from Finland, has been found to be around 50 

cm per year in experimental conditions (DeWald and Steiner 1986).  

The differences between tested soils indicated best initial tree growth on 

soil 2 for both tree species; the differences between the two other soils (soils 1 

and 3) were smaller. Alnus growth was quite satisfactory on all tested soils 

with relatively small differences overall, but for Tilia, growth was clearly 

reduced on soils 1 and 3. The reasons behind the good growth on soil 2 were 

not attributable to any single soil property, as there were many differences 

between the three tested soils. The most likely reason, however, seemed to be 

the high original SOM and nutrient content of the waste water compost-

based soil 2, and the good growth on that soil is in accord with the numerous 

studies showing beneficial effects of organic soil amendments (reviewed by 

Scharenbroch, 2009). Nutrient availability may have been enhanced by the 

fast decomposition of the plentiful organic matter seen on soil 2 (Figure 11; 

Figure 2 in Study II). 

At the Tilia site, which was overly wet, trees reacted poorly to an increase 

in soil water content, and the effects were revealed not in the current, but in 

the next growing season. This was most likely due to the pre-determined 

shoot growth pattern that dominated for Tilia in the first years after 

transplanting. Pre-determined versus free shoot growth may be a factor that 

warrants attention in studies on tree response to their environment overall; 

for example, the needle (leaf) count of Pinus sylvestris shoots is known to 

depend on the conditions of the previous years, while shoot length is more 

determined by the conditions of the current year (Junttila and Heide 1981). 

There is at least one case (Le Dantec et al. 2000) in which the effect of 

drought on LAI has been found to be similarly delayed by the same 

mechanism in a French mixed forest. Lagging effects of environmental 

variables and extreme climatic events are also suspected to be among the 
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causes of interannual variation in ecosystem fluxes (e.g. Keenan et al. 2012, 

Verma et al. 2015).  

At the Alnus site, all trees had free shoot growth (as opposed to pre-

determined growth, for definitions of free and pre-determined shoot growth, 

see Pollard and Logan 1976) at least from year 2005 onwards, and soil water 

availability appeared to be a more significant determinant of shoot length 

than soil type. This may be related to the nitrogen-fixing filamentous bacteria 

with which Alnus trees live in symbiosis, as they could allow the trees a 

certain degree of independence from soil N resources. Soil water content 

increase had a positive effect on Alnus growth, and the effects were revealed 

already during the same growing season. Considering how commonly 

drought is stated to be one of the main problems for urban trees, surprisingly 

few studies have shown this conclusively, but similar positive response of 

street trees to increased soil water in limited growing media has been found 

in Denmark (Bühler et al 2006). Our study adds to this evidence and also 

shows adverse effects of excess soil water on Tilia shoot growth.  

In conclusion, the results indicate that for Alnus transplanting recovery 

was quick and all tested structural soil types were satisfactory. Despite the 

fairly large (15-50 m3) structural soil volumes per tree, soil water content 

limited tree growth at least to some extent already during the first six years 

after transplanting. For Tilia, tree growth was satisfactory only on soil 2, 

possibly due to the delayed transplanting recovery, either alone or in 

combination with excessive soil moisture. 

5.1.2 TREE CROWN ALLOMETRY: BRANCH BASAL AREA – LEAF 

AREA RELATIONS 

Trees are long-lived and once established on a site, acclimate to their 

environment by adjusting their structure and function. The biomass 

distribution within a tree is a reflection of these structural and functional 

adjustments over time, in addition to ontogeny, the genetically determined 

features, and limits of plasticity (Nikinmaa 1992, Ericsson et al. 1996). Tree 

woody biomass is formed constantly, and a proportion of the woody biomass 

compartment may be nearly as old as the individual tree itself. New layers of 

wood are typically added each year outwards from the old layers. Non-woody 

compartments, such as leaves and fine roots but also often bark tissue, have 

shorter lifespans, from one to a few years (Kaufert 1937, Howard 1971, 

Lamppu and Huttunen 2001, Muukkonen and Lehtonen 2004, Pensa et al. 

2007, Aro et al. 2013, Hansson et al. 2013b, Gričar et al. 2015). Theories and 

models concerning tree structure and function commonly state or logically 

lead to the hypothesis that tree growth allocation results in a situation where 

the resources are optimally allocated (Nikinmaa 1992, Mäkelä 1997, Lacointe 

2000). This optimum situation would change according to environmental 

conditions, with some delay; more so with woody structures than shorter-

lived compartments.  
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In our case study, transplanting had an effect on crown allometry (branch 

basal area versus leaf area relationship) in 2004-2008 in both examined 

species (Study I, Table 3). Correlation between leaf and branch basal area 

improved as transplanting recovery progressed, as may be expected if tree 

structure becomes more balanced after a disturbance (Mäkelä 1999). On a 

water-limited site, leaf area to sapwood area ratio has often been observed to 

be lower than on sites less limited by water resources (Grier and Running, 

1977; White et al., 1998, but see also Meier and Leuschner, 2008); this might 

reflect the need to allocate more resources to woody matter to avoid loss of 

conductivity or less resources to transpiring leaves.  C allocation to foliar 

biomass should be relatively high when soil conditions are not growth-

limiting (Vanninen and Mäkelä 1999, Helmisaari et al. 2007), reflecting less 

need to allocate biomass to gather soil resources.  

In Tilia, the observed relationship between branch basal area and leaf 

area was close to linear (Table 3). The first year of observations, 2004, was 

an exception; the relationship was somewhat exponential, reflecting the fact 

that small branches had little leaf area in relation to basal area and large 

branches had relatively more. This could be a consequence of transplanting, 

but also shoot growth varied more than in the later years (see SD in Figure 

9), which could have contributed to the non-linearity. Transplanting effects 

tend to show directly as diminished leaf area during the transplanting shock 

(Harris et al. 1996, Barton and Walsh 2000, Solfjeld and Hansen 2004), but 

changes in total leaf area could not be detected here because pre-

transplanting measurements were not made; the distribution of the leaf area 

reduction within the tree crown has not been investigated previously. Due to 

the delayed transplanting shock and non-linear recovery in Tilia, it may be 

expected, however, that aside from the transplanting shock itself, other 

possible factors affecting leaf and branch basal area relations were likely to 

be confounded and undetectable. 

For Alnus trees, in addition to improving leaf area to branch basal area 

correlation as years from transplanting passed, also soil water content was 

observed to have an effect on crown allometry. Compared with other years, 

leaf area was low in 2006 on small branches, leading to an exponential 

branch and leaf area relationship. As the measurements were performed 

relatively late in the growing season (in August), this was likely due to 

preferential shedding of leaves from smaller branches during drought; 

premature shedding of approximately one-quarter of leaves was observed 

between July and mid-August in the Alnus trees in 2006 (Study I). The 

smaller leaf area of small branches in relation to basal area during drought 

may reflect either the more exposed position of smaller branches, located 

mainly in the upper crown, or vulnerability segmentation (Tyree et al. 1991, 

1994).  

It also appeared that temporarily poor shoot growth might be reflected in 

a saturating-type branch basal area to leaf area relationship; for Alnus, the 

only year with linearity parameter α value below one was the weakest growth 
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year in the dataset, 2004; for Tilia, the year 2005 stood out with a similar 

situation. Such an effect would be logical: the branch basal area reflects tree 

growth in the long term. The larger the branch, the longer the period it has 

accumulated sapwood. Leaf area, by contrast, is mostly the result of the 

current and previous years’ success in gathering growth resources (Clements 

1970, Pollard and Logan 1974, Le Dantec et al. 2000). A sudden decrease in 

shoot growth would thus lead first to linearity parameter value below one, 

but if poor growth prevailed for a longer period, the effect of each year would 

accumulate on woody biomass, and thus, the branch diameter would 

correspond better to the leaf area. This would result in a return towards 

linearity, assuming a linear relationship is the functional optimum of 

biomass distribution between a branch and its leaves. 

In Tilia, the relationship between branch basal and leaf area seemed 

indeed to tend towards linearity after disturbances. This is a hypothesis 

(Mäkelä 1999) that has not yet been rigorously tested. The dataset collected 

in this study can offer no conclusive evidence, but the data for 2004-2008 in 

Study I do not contradict this hypothesis. Analysis of the data on Tilia, 

collected from the same trees with the same method for 2009-2010 supports 

the hypothesis further; the trend appears to continue towards linearity (Table 

3.). For Alnus, however, the deviation of α from 1, while rather small, was 

quite dominant in the latter years. This may be due to recurring limiting 

water availability on the site (Study III) or be related to the columnar crown 

form and nearly vertical branch orientation of the Alnus trees (see Figure 2). 

The amount of sapwood required to support leaves depends partially on 

branch angle (Morgan and Cannell 1988). Also, as the branches grow thicker, 

they tend to attain more of the properties of the main stem such as a higher 

leaf area to sapwood area relationship (Nikinmaa et al. 2003, Berninger et al. 

2005). 

As a method of leaf area estimation, the development and application of 

branch basal area/leaf area relationship were not tested against other 

methods. A comparison of this method with a destructive measurement of 

leaf area was performed by Gilman and Grabosky (2009), showing that it was 

accurate and reliable; while leaf biomass varied somewhat with compass 

direction, leaf area did not. The development of the branch basal area to leaf 

area relationship is time-consuming, however, limiting its use somewhat. 

The method has found an application in determining pruning dose in tree 

pruning research (Gilman and Grabosky 2009, Gilman 2015), where good 

accuracy in leaf area determination on an individual branch basis is needed.  
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5.2 TREE BIOMASS AND SOIL CARBON DYNAMICS 

5.2.1 TREE BIOMASS MEASUREMENTS, BIOMASS EQUATIONS AND 

CARBON ESTIMATES 

5.2.1.1 Tree biomass and biomass equations 

The measured total biomass C stock and its distribution within the 

studied trees differed between the taxa. The relative dominance of branch 

biomass in Tilia compared with Alnus may be due to the columnar crown 

form of the black alder trees (var. pyramidalis). Branches of the columnar 

Alnus are directed upwards, almost vertically, while the Tilia branches are 

more horizontal, which can also be seen in the larger projected canopy area 

of Tilia trees despite their smaller overall size (Table 1, Study III). Supporting 

branches on a near horizontal plane requires thicker branches than a more 

vertical branch angle (Morgan and Cannell 1988). High branch biomass may 

be linked to high leaf biomass; the LAI of the columnar Alnus trees (Table 1, 

Study III) far exceeds the LAI of native deciduous stands, usually about 8-10 

at the highest (Dufrêne and Bréda 1995, Wulder et al. 1998, Le Dantec et al. 

2000, Soudani et al. 2006). Comparing the LAI of open-grown single tree to 

a forest LAI is not straightforward, but the underestimation of tree leaf 

biomass by BEs indicates relatively high leaf biomass in the studied Alnus 

trees as well.  

The unusual crown shape of the Alnus trees is likely at least partially 

responsible for BEs consistently giving rather poor estimates for Alnus leaf 

and branch biomass, but the same issue with BEs was seen in Tilia as well 

(Table 4). The main cause seems to be the open nature of the tree sites; the 

case study trees do not compete for light, a phenomenon which is managed 

in industrial forestry by adjusting stand density to increase biomass partition 

to timber, i.e. tree trunk. It is well known that tree crowns tend to be wider in 

open grown trees than in stands (Hann 1997, Bechtold 2004), but how this is 

reflected on biomass relations has received little interest to date. The 

research by Zhou et al. (2014) and, albeit less directly, also the study of Ares 

and Brauer (2005) support the finding (Study II) that for open grown trees, 

the biomass distribution tends to emphasize stem less than in forests. If the 

relatively high proportion of biomass in branches for open grown trees can 

be confirmed, it implies more leaves in open grown trees as well, and adds 

weight to the potential of leaf litter and prunings in adding to the total C 

sequestration of urban trees. Another factor that could contribute to the high 

branch and leaf biomass relative to trunk biomass in the studied trees is the 

somewhat young age and small size, as the proportion of the trunk tends to 

increase as trees grow (e.g. Mäkelä and Vanninen 1998, Litton et al. 2007). 

Overall, only two species of trees from two sites were studied, and 

conclusions concerning urban trees in general cannot be made, but combined 
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with findings in the literature, our results indicate that biomass distribution 

in street trees may differ from forest trees. Thus, using traditional non-urban 

BEs for street trees may lead to considerable errors in estimating specific 

aboveground biomass compartments. The total aboveground biomass 

predicted by BEs was surprisingly close to the measured, but it may in part 

be explained by the small size of the measured trees; the different BEs used 

diverge from each other much more when applied to larger DBHs. 

The DBH has long been the most easily measured descriptor of tree size, 

although the advent of remote sensing may find other descriptors to be more 

easily obtained (Holopainen et al. 2013, Tanhuanpää et al. 2014). BEs, used 

to estimate biomass from DBH, vary in form, but the relationships described 

are most often log-normal, and consequently, most equations follow this 

form. Return to normal scale introduces a bias when the variance in the 

original dataset increases as the average increases (Baskerville 1972), as is 

typical in biomass measurements. Methods available to correct this bias were 

reviewed and compared by Clifford et al. (2013). Estimated from the data 

collected by Ter-Mikaelian and Korzukhin (1997), containing equations for 

more than 30 broadleaved tree species, the correction factor adds on average 

1% in the whole tree aboveground biomass, and 10% in branch and leaf 

biomass. Of the BEs used in Study II, only one had an accompanying 

correction factor. Assuming the other equations produce underestimates in 

the magnitude previously mentioned, correcting for it does not improve the 

estimates notably compared with the measured values for each biomass 

compartment, as can easily be seen in Table 4.  

Biomass measurement of aboveground tree compartments is quite easy 

when destructive sampling is possible. When it is not, as in Study II, 

numerous uncertainties are introduced into the estimates. Trunk biomass 

was calculated based on volume measurements and specific gravity for a 

related tree species (Alden 1995), as values for the species in question were 

not found. Additionally, a conversion factor for dry biomass to carbon (0.45) 

was used throughout instead of measurements of biomass carbon content. 

For branches, a relationship between leafless branch biomass and its basal 

diameter was developed based on sample branches from the studied trees. 

The samples were not, however, collected randomly; the branches in the 

measured population originated from formative and maintenance prunings. 

As a consequence, large branches (diameter >20 mm) were either 

underrepresented (Tilia) or absent (Alnus) in the datasets. Leaf biomass data 

was collected with a similar approach as the branch biomass data; the leaves 

from branches of various diameters were collected and a relationship 

between leaf area and branch basal area was formulated (Study I). The 

sampling of the branches for measurements was based on taking the median 

size branch for upper, middle and lower crown, which left out the largest and 

smallest branches. A method of this type for leaf area and biomass estimation 

has been typically used for fairly small trees (Nygren et al. 1993, Gilman and 

Grabosky 2009), but as such, appears to be reliable. The possible leaf and 
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branch biomass estimation problems in Study II arise mainly from the 

selection of sample branches – leaf area was calculated for larger branches 

than the largest present in the sample upon which the relationship was 

based; a problem that could be easily corrected. In the present study, 

however, the aim was to make comparisons over time on the same trees 

(Study I), and changes in the sampling method would have risked 

confounding the results. 

5.2.1.2 Root biomass 

Estimating root biomass of urban trees is problematic, both because little 

knowledge is available concerning e.g. root system structure and root 

distribution, and because it is difficult to propose a practical and 

representative sampling strategy. The measurement-based estimates of root 

biomass in Study II are a good example of problems faced in sampling urban 

tree roots and the resulting high variation and uncertainty. Understanding of 

urban tree roots and root systems leaned initially strongly on research on 

native forest trees, as exemplified by Perry (1982), but factors such as limited 

rooting volumes and soil sealing are very likely to render such information 

poorly applicable. Unfortunately, studies of urban tree roots, e.g. root system 

spread and depth, are rare (Gilman 1989, Krieter and Malkus 2000, Day et 

al. 2010, Watson and Hewitt 2012). The increasing availability of ground-

penetrating radars capable of identifying large tree roots (Bassuk et al. 2011) 

offers hope for progress in this area. Understanding fine root (< 2 mm 

diameter, Gill and Jackson 2000) dynamics and e.g. root litter production in 

the urban environment are currently more distant goals.  

In forest ecosystems, fine roots contribute typically less than 5% of total 

tree biomass, but due to the short lifespan of fine roots their expense in terms 

of annual primary production is much higher (Nadelhoffer et al. 1985, Vogt 

et al. 1995). Thus, in terms of biomass C stock, fine roots contribute relatively 

little at a given moment, although abundant resources are allocated to their 

generation, similarly to leaves. To understand urban soil C stock dynamics, 

the gaps in knowledge about urban root litter production and other root-

related C inputs into the soil must be filled. In boreal forests, the fine root 

longevity of deciduous birch (Betula sp.) is known to be about two to three 

years (Aro et al. 2013, Hansson et al. 2013 b). This implies that if fine root 

longevity is similar for other deciduous trees and in urban soils, the impact of 

root litter on the C stock of the soil in the limited rooting volume over time 

should not be overlooked. In our study, root-related C outputs to the soil are 

added to the soil C stock, and thus, taken into account in the assessment of 

the tree and tree soil carbon dynamics. It would benefit the understanding of 

urban tree C sequestration to be able to measure fine root dynamics directly. 

As an example, if a tree with DBH of 15 cm and total biomass of 

approximately 70 kg (as measured for case study Alnus in 2011, Table 3, 

Study II) is allocated 5 m3 of soil, then the root litter input, estimated as 5% 
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of total root biomass per year (Hansson et al. 2013a) would add about 150 g 

of SOM per year per cubic metre of soil. Assuming urban tree soil depth of 1 

m, this input is within the range measured for boreal forests (Leppälammi-

Kujansuu 2014).  

There are some reasons to suspect that boreal urban tree fine roots may 

have shorter lifespans than their counterparts in forests, which might 

increase the fine root litter input into the urban soils relative to natural 

forests. Soil moisture conditions experienced by urban trees appear to vary 

rather strongly from dry to wet even in wet years (Nielsen et al. 2007), and it 

has been suggested that drought increases the fine root mortality (Meier and 

Leuschner 2008), although conflicting results have also been presented 

(Leuschner et al. 2004, Zeleznik et al. 2015). There is some evidence that 

water logging decreases root biomass in relation to total biomass, possibly 

also attributable to increased mortality (Poorter et al. 2012). Additionally, 

higher soil temperatures found in urban areas (Savva et al. 2010, Müller et al. 

2014, Miyajima et al. 2015) may increase root turnover (Pregitzer et al. 2000, 

Leppälammi-Kujansuu et al. 2014). 

In attaining the root biomass values for the case study sites, in addition to 

the actual sampling with its own uncertainties and sources of error, 

assumptions had to be made concerning the spread of the root system, and 

thus, the biomass estimates attained are truly merely estimates. It was 

assumed, based on a meta-study by Day et al. (2010), that the tree root 

system radius would be around 38 x DBH. This exceeded the tree soil 

dimensions already in 2008, so the root system was assumed to cover the 

entire allotted tree soil area. Root samples were collected from sampling pits 

that were located 2-3 m away from the nearest trees; the root density found 

in these was assumed to represent the average density within the entire 

rooted area. With these assumptions, root biomass values were gained that 

were fairly close to literature estimates of average root contribution to total 

biomass (Cairns et al. 1997, Chojnacky et al. 2014), but between-tree 

variation was great (as demonstrated by the SD values in Table 3 of Study II). 

Consequently, the reliability of the root biomass estimates is the poorest 

among the tree biomass compartments that were measured in the study, and 

it is clear that root carbon dynamics of urban trees are in urgent need of 

further investigation.  

5.2.1.3 Litter and prunings 

While the C stock in the tree woody root, branch and stem biomass are 

indisputably valid components of urban tree C sequestration, the 

considerable proportion of C invested annually in leaves and fine roots and 

then discarded as litter is more difficult to categorize; especially the final 

destiny of leaf litter in urban areas is uncertain. Carbon in urban tree leaf 

litter is unlikely to enter the soil C pool due to soil sealing (Zong-Qiang et al. 

2014). In Study II, the potential C stock remaining in leaf litter was 
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calculated with a litter decay equation (Olson 1963) and decay factors for 

each species (Dilly and Munch 1996, Hobbie et al. 2006).  The resulting 

estimates of remaining leaf litter C over all leaf cohorts produced by 2011 

implies that for Tilia with its higher relative C input in leaves annually and 

more decay-resistant leaves, the litter C stock could potentially be fairly 

important, at least while the trees are still young. In older trees, this might 

matter less; according to most BEs, the leaf biomass of deciduous trees is not 

as strongly exponential as a function of DBH than the whole tree 

aboveground biomass, thus, the proportion of leaves tends to decrease as 

trees grow. Based on crown geometry this is likely true also for street trees, 

which appear to have different aboveground biomass distribution overall 

compared with non-urban forest trees, but no empirical evidence is yet 

available. 

It must also be noted that the potential remaining prunings and litter C 

stocks in 2011 (Study II) are also mere estimates; the applicability of the 

literature-derived litter decay factors in the urban situation is uncertain. 

Studies of urban versus rural originating leaf litter decomposition (Carreiro 

et al. 1999, Pouyat and Carreiro 2003, Pavao-Zuckerman and Coleman 2005, 

Nikula et al. 2010, Dorendorf et al. 2015) and studies transplanting rural 

litter in urban and urban litter in rural environments (Nikula et al. 2010, 

Pouyat et al. 1997) have shown contradictory results. These imply that the 

factors determining the rate of decay are not yet identified satisfactorily. 

Perhaps more importantly, however, leaf litter is likely removed from the tree 

and tree soil system, and it can be questioned whether it should be accounted 

for at all. In Study II, possible effects were calculated; the results imply that 

urban leaf litter has the potential to influence the C stock and sequestration 

of urban trees. Whether this potential can be realized depends on site design 

and the handling of urban greening waste. The perpetual soil quality issues 

affecting urban trees could to some extent be alleviated if the litter cycle at 

the tree site could be enabled, e.g. by planting shrubs or perennials under 

trees to retain leaf litter at the tree site. 

In the biomass measurements, the amount of biomass removed in 

prunings was surprisingly low even for Tilia, which was pruned more heavily. 

This implies that prunings had little effect on tree aboveground C 

sequestration, independent of their final destiny.  The decay rate for 

branches was derived from boreal forest floor twig and branch litter 

(Perruchould et al. 1999), but tree prunings are most commonly chipped and 

used as mulch. In a study by Duryea et al. (1999), the decomposition rate of 

utility pruning mulch was somewhat faster, resulting in a decay factor of 

approximately 0.4 in the first year.  The carbon in fruit, cone and branch 

litter was not accounted for, but the majority of branch litter would be 

included in prunings because dead branches are routinely removed when 

present at pruning time. 
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5.2.2 SOM DYNAMICS OF STRUCTURAL TREE SOIL  

5.2.2.1 Soil carbon loss estimates 

Rather high carbon losses were seen in the tree soils of the case study sites in 

the first years after construction (Study II). Compost-derived soils 2 and 3 

lost the most carbon, while soil 1 had entirely peat-based organic matter and 

lost the least in relation to initial C content. There was some uncertainty with 

regard to the sampling of structural soil pre- and post-construction. A 

notable change towards coarser particle size distribution was observed in the 

fine soil fraction post-construction compared with the original status. An 

addition of gravel to the fine soil fraction was found and assumed to originate 

from the stone matrix. The relative volume of fine soil compared with stone 

matrix cannot be measured after construction with current methods (e.g. 

Bühler et al. 2016), so the addition to the fine soil volume could not be 

ascertained or quantified. It seems possible that additional coarse material 

had “diluted” the fine soil LOI. The LOI used in the LOI loss calculation was 

determined for particles smaller than 2 mm in diameter and not corrected to 

the total sample weight, in an attempt to partially compensate for this source 

of error. Assuming similar addition to the materials finer than 2 mm as 

observed in the coarser fraction, the LOI loss estimates would be 20% lower, 

i.e. about 230 kg across all soil types by the year 2011. 

While the incubation model did support the LOI loss-based estimates, the 

problems with the incubation model were in part similar to the LOI loss 

method issues. The same uncertainties concerning soil sample particle size 

shift and unknown exact proportion of fine soil in the structural soil apply, as 

the calculation of total loss was based on the fine soil proportion of the total 

volume. The sample incubation was performed with loose soil samples of ca. 

15 g spread out on the bottom of 120 ml glass bottle, giving better gas 

exchange between the soil sample and free air than would be expected in the 

field. In the incubation, an increase in soil water content always increased the 

CO2 output, which may be unrealistic in field conditions. Additionally, the 

LOI measurement-based C loss estimates and especially the parameters 

estimated for the incubation-based model show considerable site differences 

within the same soil type. These may to some extent reflect the reality, as site 

differences, especially the different tree species and long-term soil water 

status difference between sites, may have led to differences in soil fauna and 

flora (Williams and Rice 2007, Bomberg and Timonen 2009) as well as 

different SOM decomposition rates. To some extent, the differences may also 

be an artefact produced by the rather limited soil sampling, and 

consequently, the averages over both sites and all examined soil types are 

primarily used as a basis for discussion. Combining data from different sites 

already in the incubation model parameterization was not considered a 

viable option, as it would have brought about heteroscedasticity problems 

with the model residuals (Study II, Table 2). 
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The estimates concerning the soil C loss acquired with direct LOI change 

measurements and the incubation model also diverge somewhat, but they 

support each other well enough that they can be taken as an indicator of the 

magnitude of initial C loss from C-rich artificial growing media in the urban 

environment. If the origin of the C in the growing media is not short-term 

biogenic cycle, the concern is certainly more serious, but the status of peat in 

this respect is not universally agreed on (IPCC 2006). Indications of high soil 

CO2 efflux from or induced by organic soil amendments were found in urban 

Boston (Decina et al. 2016), showing that improved understanding of soil-

derived urban CO2 fluxes is needed. In Finland, urban soil CO2 fluxes have 

been found to be rather similar to those from forests (Vesala et al. 2008, 

Järvi et al. 2012); the study by Decina et al. (2016) indicates that 

management is critical for soil CO2 emissions, which could well explain the 

difference. 

5.2.2.2 Urban soil and growing media carbon stocks 

The amount of SOM used in urban greening soils is traditionally fairly high 

in Finland (Rakennustietosäätiö 2010) compared with, for instance, the 

usual C content of mineral forest (Liski  et al. 2006) or agricultural soils 

(Heikkinen et al. 2013). Intentional C input into soil is typical in both 

agriculture and horticulture, and also in landscaping as a part of the latter. 

The ultimate aim is enhanced plant growth, brought about by the 

improvement that an organic matter increase causes in the soil properties 

(Reeves 1997) and/or by the nutrients released from the organic matter as it 

mineralizes. In undisturbed, well-drained boreal forests, highest C content is 

typically found on the topmost organic soil layers (Deluca and Boisvenue 

2012). In urban soils, it has been noted that C-rich materials end up in 

deeper layers than in native soil formation (Pouyat et al. 2002, Lorenz and 

Kandeler 2005, Bae and Ryu 2015). Also the Finnish urban greening soil 

recommendations stating e.g. 60 cm deep beds for large perennials and 100 

cm deep beds for trees (Rakennustietosäätiö 2010) will lead to additional C 

in deeper soil layers. Research is needed both for optimizing urban soil C 

storage, avoiding any possible methane emissions, and for understanding 

how the important properties of soil, such as water holding capacity, may 

change over time as a consequence of soil C content change. On the other 

hand, the long dominant undervaluation or omission of soil C stocks from C 

stock estimates in urban environments (Edmodson et al. 2012, 2015) is more 

easily understood considering that the apparent organic layer is often 

entirely missing in most heavily urbanized soils.  
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5.2.2.3 The peat question 

While soil 2 differed from the others with its much higher C content and loss, 

it also had the highest initial C content and the C loss varied less between soil 

types when examined as a proportion to the original C content of each soil 

type. The SOM in soil 2 was partially compost, partially peat-derived, but the 

proportions of the C sources were not studied and could not be determined 

after site construction. The slightly slower C loss from the entirely peat-based 

soil 1 is not surprising as such (e.g. Prasad and O’Shea 1997; Prasad and 

Maher 2003). If C originating from peat remains in the growing media longer 

than C originating from compost, does it support the use of peat in urban tree 

growing media? The stability of soil properties might well be better with the 

more slowly decomposing peat than with compost-originating SOM source 

alternatives. On the other hand, peat may be considered a non-renewable C 

source, on par with fossil fuels. Like coal, natural gas and petroleum, peat is a 

biogenic, yet largely non-renewable C source on the time scale relevant to 

human interests.  

When left undisturbed, a boreal peatland, from which the peat used in 

Finnish urban greening growing media originates, has a lower rate of peat 

decomposition than formation in the long term, and thus, it acts as a C sink 

(Turunen et al. 2002, Vasander and Kettunen 2006). Compared with other C 

pools in the biosphere, peatlands are among the largest and most stable 

(Blodau 2002). While peat used in energy production is clearly classified as 

causing net C emissions (IPCC 2006), the ultimate destiny of peat-

originating C in growing media is not as easy to determine, and thus, 

choosing the correct C accounting principle for peat in growing media 

remains an open question (Defra 2009). Depending on the calculation 

methods and assumptions made (e.g. Defra 2009), the estimated life-cycle C 

cost of peat varies greatly. In most calculation methods, CO2 released from 

short-cycle, renewable biogenic sources (e.g. compost) does not count 

towards climate change, and full end-of-life cost is applied to peat (Ahlgren 

et al. 2015); i.e., none of the C originating from peat in the growing media is 

thought to remain in soil C stock. These two assumptions may emphasize the 

negative effects of peat use, but whether they reflect the reality and to what 

degree are difficult to judge at present. Based on the current knowledge and 

the finding that compost-based growing media produces similar tree growth 

as peat-based media (Study I), it appears a reasonable application of the 

precautionary principle to recommend leaving peat out of street tree growing 

media.  

Research on replacing peat in e.g. nursery container growing media with 

other organic but renewable materials, often industrial by-products such as 

coconut coir, and various recycled materials such as composts, has been 

intensive in the last decades (e.g. Alexander et al. 2008, Schmilewski 2008, 

Caron et al. 2015). Unfortunately, peat is a common compost feed stock 

additive (Himanen and Hänninen 2011), so compost-based products may 

contain some fraction of peat-derived C. However, the existing interest in 
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peat replacements in nursery and greenhouse growing media gives a head 

start in research for peat alternatives for urban tree growing media 

development as well. Similarly to urban tree growing media, the stability of 

the structure and properties of the growing media over the production cycle 

is important in greenhouse and container nursery production. Thus, a fair 

amount of information on the behaviour of different compost-based products 

is available (reviewed by Carlile et al. 2015). Compost maturity has a large 

effect on its stability, meaning that with less mature compost faster 

mineralization can be expected (Bernal et al. 1998, Griffin and Hutchinson 

2007, Rigby et al. 2016). However, compost mineralization is greatly 

complicated by the complex ecosystem of decomposers, varying composition 

of compost products and environmental conditions such as water content 

and temperature, making it difficult to predict the situation in the landscape 

from a stability and plant nutrition point of view. Newly available, relatively 

stable, renewable SOM materials, such as biochar (Scharenbroch et al. 2013, 

Andreasson et al. 2014) and clay-stabilized growing media materials (Bolan 

et al. 2012), may become viable options in future planting soils. 

5.2.2.4 Long-term development of tree planting soil C stock 

With respect to Study II and more generally, the future development of 

artificial tree planting soil C stock remains uncertain; little research on urban 

tree soil carbon dynamics is available  (Beyer et al. 1995, Pouyat et al. 2002, 

Jenerette et al. 2006, Lorenz and Lal 2009), especially over the long term. 

Possible CH4 and N2O emissions from urban soils are not yet known (Beyer 

et al. 1995, Livesley et al. 2010), particularly in relation to soil sealing. Thus, 

whether tree soils would make a good long-term deposit to store biogenic 

carbon cannot yet be determined, but the cycle of urban zoning and re-

zoning and the life expectancy of urban infrastructure (Facanha and Horvath 

2006, Aktas and Bilec 2012, Buyle et al. 2013,  Helsingin kaupunki 2013) 

may be too short to allow such considerations. Increasing attention to soil 

resource use and recycling can be seen in the Finnish legislation (e.g. 

Valtioneuvoston asetus 179/12) and may lead to re-use of tree soil materials 

in the future, with additional impacts on the life expectancy of urban soil 

carbon. Potentially, unless re-zoning and infrastructure renovations 

interfere, the lifespan of urban tree soil is as long as or longer than that of the 

urban tree, as it is common practice to plant replacement trees in the existing 

tree soil.  

In more general terms, relatively little is known about urban soil C stocks 

development in the long term, and what is known is rarely applicable to 

boreal environments or to a small scale such as individual tree soil. There is 

some evidence, however, that as time elapsed from soil disturbance of 

various types increases, so does the urban soil C content (Scharenbroch et al. 

2005, Park et al. 2010, Howard and Olszewska 2011). This, together with the 

observed slowing down of soil C loss in the case study sites gives some hope 
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for urban tree planting C sequestration. In an arid urban ecosystem, it has 

been observed that after the land use change, C accumulated into the soil 

exceeded native soil C levels, likely because of irrigation and fertilization 

(Golubniewski 2006; see also Jenerette et al. 2006). In boreal environment, 

urban vegetation is typically given little to no additional resources, but 

unintentional resource additions (Kaye et al. 2006, Pickett and Cadenasso 

2009) are likely. Moreover, it can be inferred from agricultural experience 

that the lack of tillage in urban planting soils is likely to be a positive factor 

for the development of soil C stocks (Lal 2004). The selection of tree species 

appears also to be of importance in determining urban tree soil C stock 

development (Edmonson et al. 2014).  

5.2.3 STREET TREE CARBON SEQUESTRATION RELATIVE TO 

GROWING MEDIA C LOSS    

In the case study (Study II), the tree carbon sequestration was calculated 

from biomass measurements in the first 10 years after planting and 

compared with tree soil C loss over the same period. Despite the possible 

errors in estimation, the magnitude of the difference between soil C loss and 

tree C sequestration indicates clearly that within the first decade the street 

tree plantings in the case study acted as a carbon source rather than a sink. 

While the tree C sequestration over such a period after transplanting is likely 

to be relatively low elsewhere as well, the C loss originating from the tree soil 

in the case study might not be relevant in many cases. The attribution of soil 

C loss to the tree planting is less disputable in the case of peat-based growing 

media. The waste-derived fraction of C in the compost-based soils can be 

considered renewable and not relevant in C accounting. The use of peat as an 

additive (bulking agent) in the composting process confuses the matter 

somewhat, but alternative, renewable feed stock additives have been studied 

(e.g. Barrington et al. 2002, Manios 2004, Dias et al. 2010) and may become 

more attractive to Finnish compost producers as environmental awareness 

increases. In areas with lower land use pressure and when massive soil 

construction is not necessary, trees may be planted without additional C 

expenditure in the tree soil. If a tree planting is likely to be short-lived due to 

e.g. a high likelihood of mechanical damage and growing media containing 

peat is used, there appears to be a distinct possibility that the tree planting 

will not bring about any net C sequestration benefits. 

As the soil C loss at the case study sites was still much higher than tree C 

capture after the first decade, tree C sequestration was also predicted for the 

first 100 years after planting. This approaches the maximum lifespan of the 

oldest Tilia street trees in the oldest planted streets currently remaining in 

Helsinki (Peurasuo et al. 2014). These trees are, of course, only a fraction of 

the originally planted trees and appear to represent the lifespan that Tilia 

street trees can attain in the current conditions rather than the average 

lifespan, which can be estimated (based on Pauleit et al. 2002) as comparable 
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to the more general figures of 20-30 years reported in the literature (e.g. 

Roman and Scatena 2011).  

Predicting tree DBH growth, and consequently, tree C sequestration, is 

rather difficult (Peper et al.2014), as can be seen in the measured Helsinki 

Tilia trees (Figure 8). Tree growth rate and resulting tree size at a given age 

are the main determinants of urban tree C sequestration of a given tree 

species; thus, to bring the estimation of urban tree C sequestration from the 

current tree inventory-based “snapshots” in time to a more dynamic 

approach depends on being able to predict tree growth. Urban tree mortality 

is another confounding factor in attempting to predict urban tree C 

sequestration, and any model predicting urban tree C sequestration on a 

population level should strive to include tree mortality and replacement C 

cost.  

The examined sample of Tilia plantings in Helsinki (Study II) was 

relatively small and plantings were not included randomly, rather the 

plantings were selected based on the availability of information about 

planting year. Another selection criterion was sufficient number of trees 

remaining from those originally planted. This was assessed visually based on 

tree size and evenness of tree size in rows. The problems with this visual 

identification of replacements unfortunately link back to the size versus age 

relation that was under assessment in the collected data. Thus, it is possible 

that the dataset is biased towards a bigger tree size. On the other hand, the 

collected data are not likely to underestimate tree size as a function of age, 

which would be the more critical bias for the aims of the study. The data also 

shows quite clearly that the bigger the trees are, the more variation in tree 

size as a function of age can be expected; it was mainly due to the variation in 

measured trees that neither model used to predict Tilia DBH (Böckmann 

1990, Larsen and Kristoffersen 2002) produced results clearly different from 

measurements (Study II). Variation in DBH reflects strongly in biomass 

estimated from DBH with BE, because BEs are exponential rather than linear 

functions of DBH.  

In comparing measured tree leaf and branch biomass with BEs, it was 

found that BEs produced underestimates of both of these biomass 

compartments, and no equation produced satisfactory results. Consequently, 

the estimates of new leaf litter and pruning biomass subjected to decay 

equations each year may be too low as well, leading to underestimation of the 

potential role of prunings and leaf litter in tree C sequestration. The effects of 

pruning itself on tree biomass relations are not fully understood (Zeng 

2003), and considering the constant need to prune street trees it indicates an 

area warranting further research, both to develop more effective long-term 

pruning strategies and to improve street tree biomass estimation. Some 

aspects of pruning in relation to biomass partitioning have been investigated 

in relatively young trees (e.g. Ares and Brauer 2005, Gilman et al. 2006), but 

applicability of these results to mature trees in the landscape remains an 

open question. 
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5.2.3.1 Additional C expenses of street tree planting 

In the estimates of tree and tree soil carbon stock dynamics in Study II, 

several tree planting-related C costs were ignored, e.g. soil and site 

construction and transport of trees and growing media. These can be 

expected to push the compensation point even further into the future. 

Strohbach et al. (2012) estimated the CO2 costs of a planting of 461 trees in 

Leipzig; the CO2 emissions from the construction phase per planted tree were 

equal to approximately 6 kg C. Due to the large size of the planting and the 

relatively light infrastructure surrounding the studied trees, it is likely that 

the C cost of planting street trees in Scandinavia is higher rather than lower 

relative to the Leipzig case. For example, street trees commonly have a tree 

grate of cast iron, weighing up to 200 kg, installed around each tree; iron 

production causes emissions of 0.3-1.2 tonnes of C per tonne of iron (e.g. 

Kim and Worrel 2002).  

Some establishment methods include additional concrete structures, such 

as planting boxes or curbstones, which further increase the C cost of tree 

planting due to the relatively high C footprint of cement manufacturing (Li et 

al. 2011). Thus, in addition to soil C loss, choices in the tree establishment 

set-up and equipment can easily offset the C sequestration benefits of short-

lived trees entirely. Tree maintenance runs the risk of negating a 

considerable fraction of tree C sequestration benefits as well (McPherson et 

al. 2015). Thus, it is fortunate that in the current ecosystem service 

assessment schemes for urban trees the value of sequestered C tends to be 

relatively small compared with other benefits (e.g. McPherson and Simpson 

2002, Roy et al. 2012). 

5.2.3.2 The road forward 

Compared with the predictions of the C sequestration compensation point, 

the literature on street tree life expectancy is discouraging. Early estimates of 

a life expectancy of 7-13 years (Moll 1989, Skiera and  Moll 1992) were even 

more dire than the newer estimate of 19-28 years (Roman and Scatena 2011). 

The average life expectancy may not be the best estimate of the tree planting 

lifespan in relation to C sequestration, as young, small or newly planted trees 

may be more likely to die than older ones (Pauleit et al. 2002). Tree C 

sequestration efficiency is expected to improve with tree age in young and 

middle-aged forest trees (Pregitzer and Euskirchen 2004), and similar 

development may be present in street trees despite a different competition 

regime. It can also be expected that C sequestration improves after 

transplanting recovery (Study II). Thus, the loss of newly planted trees is less 

critical for C sequestration than the loss of trees already established, 

assuming initial C costs, such as those for tree grate and soil, are not 

repeated with each replanting. It seems obvious, however, that 

improvements in tree life expectancy and survival of older trees would aid 
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the urban tree C sequestration the most, as has been concluded also based on 

urban tree stock studies (e.g. Díaz�Porras et al. 2014).  

5.3 TREE WATER USE, ITS DRIVERS AND POTENTIAL 

IN STORMWATER  MANAGEMENT      

5.3.1 TREE WATER USE 

Measurement of tree water use is challenging; reasonably reliable methods 

for such measurements, such as ecosystem level evaporation estimation by 

eddy covariance measurements (Baldocchi et al. 1996, Scott 2010) or 

measuring single tree transpiration with a heat dissipation method (Granier 

1985, 1987) or other thermal method (Tatarinov et al. 2005), have been 

widely available only in the last few decades. Early estimates, aiming for 

overall urban tree water use values to use in irrigation and container size 

selection have been predominantly based on relatively small, potted or 

lysimeter trees (Levitt et al. 1995, Beeson 2004, Montague and Kjelgren 

2004), on porometer measurements (Kjelgren and Clark 1993, Kjelgren and 

Montague 1998, Kjelgren et al. 2001), which are difficult to scale over the 

entire tree crown and longer periods of time, or on measurements from other 

environments, such as forests or orchards (Levin and Assaf 1973, Miyamoto 

1983). For example, aside from nursery tree irrigation (Beeson 2004, Beeson 

2012, Tawegoum et al. 2015), energy balance-based models have been 

applied to urban tree water use in relatively few cases (Vrecenak 1988, 

Montague and Kjelgren 2004, Ngao et al. 2015). Overall, it can be stated that 

the tree water use values used currently in tree site planning are still rough 

estimates and do not consider e.g. the microclimate of the site, tree 

phenology or actual tree size. 

The controls of tree transpiration are in general fairly well understood. 

Among tree-related factors, the effect of leaf area is perhaps the best 

understood in a forestry context. Stomatal regulation has been intensively 

studied, also in many deciduous trees (reviewed by e.g. Whitehead 1998), 

connecting the tree and environment-related factors that control tree 

transpiration; numerous stomatal conductance models exist as well (recent 

overview is available by e.g. Damour et al. 2010). To some extent, the known 

principles can be directly applied to urban environments, but problems may 

arise when the ranges of variation do not entirely overlap in urban and 

reference conditions. Especially the relatively sparse tree placement in urban 

environments and the dominance of non-evaporating surfaces are 

challenging when hoping to apply knowledge from e.g. forest tree 

transpiration to urban trees. Fortunately, some studies concerning the effect 

of urban surface materials on tree water use are available; the effect of 

asphalt relative to a vegetated surface can be in either direction – to increase 

water use through higher temperature leading to high D or to decrease it via 
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the high D triggering stomatal closure (Kjelgren and Montague 1998, 

Montague et al. 2000, Kjelgren et al. 2004).  The effect of tree spacing on 

transpiration has also been investigated empirically, and the magnitude of 

the spacing effect within the range of variation seen in street tree spacing can 

be narrowed down somewhat (Beeson 2004, Hagishima et al. 2007, Ngao et 

al. 2015). The relative importance of D-related stomatal control versus soil 

water limitation in different tree species merits further study in urban trees. 

The application of continuous in situ tree transpiration measurements has 

made it much easier to relate tree transpiration response to environmental 

conditions (Bartens et al. 2009, McCarthy and Pataki 2010, Peters et al. 

2010, Chen et al. 2011, Litvak et al. 2011, Wang et al. 2011): this approach has 

resulted in the greatest progress made recently in urban tree water relations 

research. 

When the case study street tree sap flow (Study III), assumed to represent 

tree transpiration, is compared with forest tree transpiration in boreal 

environments, street tree water use appears to be similar or somewhat higher 

(Herbst et al. 1999, Arain et al. 2003, Amiro et al. 2006, Bernier et al. 2006, 

Daley et al. 2007, Oishi et al. 2008, Launiainen 2010). Alnus tends to have 

fairly high stomatal conductance (Eschenbach and Kappen 1999), which is 

probably the main reason for the Alnus transpiration being rather high 

relative to Tilia (Study III) and to previously cited literature on forest tree 

transpiration. However, no literature on measurements from urban 

environments was found for either species. In Minnesota, Peters et al. (2010) 

measured transpiration rates of Tilia americana, and these were somewhat 

lower than those for Tilia × vulgaris in Study III. Tilia americana is 

considered to be more shade-tolerant than Tilia × vulgaris (Burns and 

Honkala 1990), and the late successional species tend to have lower stomatal 

conductivity as well (Bazzas 1979). Ngao et al. (2015), on the other hand, 

measured higher transpiration for Tilia tomentosa in France than that for 

Tilia × vulgaris in Study III, but the tree transpiration ratio to potential 

evaporation was similar.  

It appears that columnar crown form is effective in increasing tree 

transpiration on PCA basis (Study III), at least in the studied case, in an open 

urban environment with little to no competition for light between individual 

trees. The species differences in daily tree transpiration found in Study III 

were to a large extent due to the differences in leaf area, and together with 

varying crown surface area and stomatal conductance parameters, were 

shown to account for most of the species differences (discussed in the 

following section), but not all between-year differences could be explained 

satisfactorily.  In comparing the annual water use values within species, the js 

(sap flow per trunk cross-sectional area, Table 5) is more valuable in the 

detection of potential errors and biases of the sap flow method than water 

use per PCA or LA, as measuring or estimating these contain additional 

sources of error. For LA these are discussed in Study I; with regard to PCA, 

especially in Alnus there seemed to be much variation in how much shoots 



���

�

leaned out of the columnar crown shape, perhaps depending on the length of 

shoot extension growth, which affected the measured PCA. Even in js, 

however, large differences between years were seen; at both sites, 2008 and 

2011 showed lower water use than the intervening years.  This pattern in 

annual differences in js on both sites is unlikely to be due to systematic error 

in measurements; instrumentation was independently run and maintained 

on each site, albeit similarly constructed. Not much research has been done 

on the factors explaining interannual variation in tree water use or gas 

exchange, but there are some indications that while variation in LAI has a 

notable role, plant response to the same environmental factor levels may vary 

between years (Richardson et al. 2007). 

The heat dissipation method used for measuring the water flow in tree 

trunks in this study has been much examined in the literature. Both its 

theoretical physical basis (Tatarinov et al. 2005, Wullschleger et al. 2011) and 

empirical comparisons with measurements conducted using other methods 

(e.g. Braun and Schmid 1999a, Wilson et al. 2001, Dragoni et al. 2005, Hölttä 

et al. 2015) show some problems. The measurement reading has typically a 

time lag in comparison with changes in sap flow (Granier 1985, Braun and 

Schmid 1999b), which can lead to attenuation of the sap flux signal, 

underestimating peak flows (Hölttä et al. 2015). This lag can be related to 

factors affecting thermal properties of the wood, which in turn are related to 

e.g. wood water content (Chen 2012, Vergeynst et al. 2014). It may be also a 

true observation of water flow in the trunk to some extent, as the plant 

biomass above the sensor has a considerable stock of water, and its 

transpiration does not necessarily cause instantaneous replacement water 

flow past the sensors (Meinzer et al. 2003, Burgess and Dawson 2008, 

Phillips et al. 2009). However, time lag related to tree capacitance can be 

expected to be rather small (Perämäki et al. 2001, 2005). This phenomenon 

may cause water flow to be measured at night, which then can be incorrectly 

identified as transpiration, although the water tension in the tree may be 

merely returning to balance with soil water tension while tree stomata are 

closed (Phillips et al. 2003, Wang et al. 2012). Actual transpiration at night is 

a fairly common phenomenon as well, as shown by e.g. Daley and Phillips 

(2006). Both time lag and possible non-zero flow at Tmax would cause the tree 

water use to be underestimated, which is for the stormwater management-

related aims of the study a less critical issue than the possibility of 

considerable error in the opposite direction.  

5.3.2 MODELLING TREE WATER USE 

While the PM M1 model, fitted to measured sap flux, gave an average R2 of 

0.70 on an annual basis, each addition to it improved the situation, with R2 

of 0.80 reached in M3 at the annual level (Study III). Adding a canopy 

conductance model in M2 to replace the standard gc value in M1, as has 

commonly been done in orchard research when applying the PM model (Lu 
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et al. 2003, Pereira et al. 2006), improved the fit of the model with both 

general and annual parameterization, more at the Alnus site than at the Tilia 

site. The value of the scaling parameter c was similar for both M1 and M2. 

Considering canopy architecture of a single tree in M3 led to considerable 

improvement in the application of the PM model, and also the scaling 

parameter, defined as β for M3, responded to this change in model structure. 

The improvement in the model performance from M2 to M3 is 

understandable, as the PM model was originally developed for uniform crop 

canopies. In contrast to our results, however, in a study including several tree 

and vine species in various orchard settings, canopy-related variables apart 

from LAI had no effect on transpiration (Pereira et al. 2006). Different tree 

spacing (Beeson 2004, Hagishima et al. 2007) and absence or presence of 

shading and non-transpiring surfaces (Kjelgren and Montague 2008) may 

have some role in the disparity. Also, as was discussed earlier in relation to 

measured tree transpiration, for an isolated tree that is not a part of an 

uniform canopy layer, the inclusion of more explicit crown architecture than 

mere horizontal projection area may be justified.  

The degree of variation that could not be explained by tree or 

environment-related variation remained in the parameter β of the M3 model. 

Examining the variation in annually estimated β (Study III, Table 3) reveals 

that interannual differences were still considerable and the pattern was 

similar as observed in js in both species – high level of transpiration in 2009 

and 2010, and low level in 2008 and 2011. Despite the lower than average 

sap flow in 2008 and 2011, the three gc function parameters (Eq. 3, Study III; 

gsmax, a and b) were very different for these two years. The parameter gsmax 

describes the maximal canopy conductance. The parameter a governs the I 

response and b the D response of transpiration. At both sites, the 

parameterization of the year 2008 gave usually either the highest or the 

lowest values for the parameters and the three other years were more similar 

to each other. Interannual differences in parameter values imply that tree 

response to environmental factors may vary between years, as has been 

found in some studies of e.g. ecosystem model parameterization based on 

eddy covariance data (Richardson et al. 2007, Groenendijk et al. 2011, 

Keenan et al. 2012), although the causes for the variation are not well known. 

Phenology, soil moisture-related issues, leaf maturity and senescence and 

carry-over effects of extreme climatic events are among the main suspects 

(Verma et al. 2005, Vermeulen et al. 2015).  

Site and tree species effects could not be entirely separated in our 

research set-up, as each species was present only at the respective site, and 

shading, tree spacing and soil water status differed between sites (Section 

4.1). The D response modifier was not significant at the Tilia site in all years, 

but the other parameters were significant for both sites and all years. The 

Alnus site was slightly drier overall (Figure 6), which may have contributed 

to the more pronounced sensitivity of Alnus to D in comparison with Tilia, in 

addition to species-related differences. Especially the values of a and gsmax 
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were different for the two sites; gsmax was approximately three times as high 

for Alnus, and the value of parameter a indicated higher sensitivity to light, 

resulting in higher water use in lower light than was seen for Tilia. This may 

be at least partially attributed to species differences, as Alnus is known to use 

water less sparingly (Eschenbach and Kappen 1999). Together with c, which 

was slightly higher for the Alnus site than for the Tilia site, the parameters 

fitted annually were able to produce the difference in predicted transpiration 

rates on PCA basis seen in measured transpiration between the sites. Very 

little indication of any species or site difference remained in β in M3; in the 

all years models (general parameterization), the value of β was 0.11 for the 

Tilia site and 0.12 for the Alnus site. 

In M1, the parameter c roughly equals the crop coefficient kc (ratio of 

observed water use to reference evapotranspiration) used to assess irrigation 

needs of various crop plants (Doorenbos and Pruitt 1977). Crop coefficient 

assumes a large area of uniform canopy, which is inconvenient for many 

horticultural applications. In Study III, the calculation is done directly for 

individual tree canopies rather than for a larger area, and c parallels kc in this 

respect. The definition of kc also assumes optimum soil water conditions, 

which implies that c determined for Alnus is not valid kc in this respect; for 

Tilia, this was rarely a problem. In the model version M2, the effects of gc 

regulation were directly attributed to the gc function, leaving the canopy 

structure and leaf area-related effects in the parameter c. The value of 

parameter c did not respond much to this change in the model structure, 

implying that crown structure, rather than stomatal function, was the main 

cause of the between-year differences in parameter values. In the next step, 

in model M3, the effects of leaf and crown surface area were further removed 

from parameter c to be considered explicitly; therefore, parameter c is 

redefined as β in model M3.  

Crop coefficient – and the scaling between plant water use and reference 

evaporation in general –  is of some interest in urban forestry. For most 

urban tree soil volume calculation methods, tree water use is estimated from 

ET0 or pan evaporation with an “evaporation ratio” or a “pan factor1”, by 

Lindsey and Bassuk (1991) and DeGaetano (2000), respectively. These 

scaling factors are related to kc, but exact definitions are somewhat confused. 

Both methods estimate tree water use as a product of projected canopy area, 

leaf area index, pan evaporation and the aforementioned scaling factor 

“evaporation ratio” or “pan factor”. As both LAI and PCA are included in the 

calculation, the scaling factor should be given on a leaf area basis; if the 

scaling factor were given on a land area basis (as ET0 and kc), then LAI 

should not be included in the equation. The scaling factor in Lindsey and 

Bassuk (1991) is given on a leaf area basis. However, some of the literature 

�����������������������������������������������������������

1 The use of term “pan factor” is unusual in DeGaetano’s (2000) paper; it usually refers to the 

conversion factor used to calculate ET0 from pan evaporation. When using the term as referred to by 

DeGaetano, it is given in double quotes. 
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value comparisons in Lindsey and Bassuk (1991) refer to kc values, which at 

least in two cases are (correctly as per  definition of kc) given on a land area 

basis (Doorenbos and Pruitt 1977, Levin and Assaf 1973). The confusion is 

also repeated in DeGaetano’s (2000) calculation method, which cites both 

the given value for “evaporation ratio” of Lindsey and Bassuk (1991) and kc 

values derived from the literature as possible “pan factors” for the model. 

Thus, it can be concluded that the PM M1 parameter c (Study III, Table 2) 

must be transformed to a leaf area basis (c/LAI) to be comparable with the 

aforementioned “evaporation ratio” or “pan factor”. Further assuming the 

conversion factor between ET0 and pan evaporation is e.g. 0.7 (Doorenbos 

and Pruitt 177), the scaling factor from our data is about 1/4 of the original 

model parameter given (0.20). Because the summertime climate in Helsinki 

is slightly cooler than in Ithaca (NY, USA), lower values may be expected, 

and limited soil water might have contributed at the Alnus site. Larger tree 

size and relatively high LAI in our data may explain much of the remaining 

difference, as the trees examined for estimating the “evaporation ratio” 

(Lindsey 1990, ref. Lindsey and Bassuk 1992) were only up to 1.4 m2 in 

canopy area. 

5.3.3 ENVIRONMENTAL CONTROL OF TREE WATER USE 

The PM model residual correlations (Study III, Table 5) were analysed both 

against variables included directly or indirectly as drivers in the PM model 

and against one variable that was not in the model (SWC). Comparing the 

residuals against environmental variables included in the model can reveal 

issues with model structure and give insights into the microclimate 

experienced by street trees. Residual correlations were overall strongest on 

both sites in 2008, when the data covered only a period of two months in 

high summer and parameter values were notably different from the other 

three years (Study III, Table 3). In later years, at the Tilia site, I and D were 

rarely significantly correlated with the residuals. In 2009, the only variable 

significantly correlated with the residuals was soil water content, which had a 

fairly weak effect, and in 2010 and 2011, only very weak correlations were 

found. At the Alnus site, the correlation with SWC was strong in 2008 and 

detectable in all analysed years, but also T and/or D had significant residual 

correlations in most years. The environmental factors included in the PM 

base model and the gc model – solar radiation and water vapour pressure 

deficit – are the directly driving forces of transpiration. They are also 

interrelated with each other and air temperature because radiation increases 

temperature, and temperature increases D, assuming no change in partial 

pressure of water vapour. Temperature, while not directly included in the PM 

model, is included in the model through several derived variables (Eq. 1 in 

Study III), and D.  

In Study III, the residual correlations seen in 2008 were likely partially 

related to the short data period available for model fitting, although fitting 
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the model only for July-August for other years included in the dataset did not 

produce as strong residual correlations (data not shown). The repeated 

occurrence of D and T -related residuals at the Alnus site implies that the T 

and/or D response was not entirely realistically captured by the PM M3 

model. The PM model includes vegetation structure and physiology-related 

resistance terms that are responsive to environmental conditions. The fact 

that neither T nor SWC were directly included in the model could have 

caused the problem with the T and D response, as high T and D tend to co-

occur with low SWC. Stomatal reaction can be related to either high D or low 

SWC, and stomatal closure has been observed in both situations in urban 

settings (e.g. Kjelgren and Montague 1998, Chen et al. 2011). High 

temperatures may also directly reduce the rate of photosynthesis (Smith and 

Dukes 2013), which could lead directly to reduced transpiration (Nikinmaa et 

al. 2013) without a direct effect of D. 

SWC was not included in the fitted PM model versions. Residual 

correlations thus imply that it would improve the model to include the SWC 

effects. Correlations were quite weak, except for the Alnus site in 2008, when 

SWC alone could explain most of the remaining variation. While the period 

available for model fitting was short in 2008, the correlation was clear. A 

weaker but notable residual correlation was present also in 2011. Somewhat 

surprisingly in 2010, when SWC also was quite low at times, the correlation 

was much weaker. Thus, it seems that in the examined period, water 

availability had a strong impact on tree water use in two cases of the eight 

examined; however, the effect was detectable in an additional three cases. 

The two strongest cases were detectable by the simple regression analysis as 

well, but regression analysis was unable to identify all of the cases detected 

by PM residual analysis. This shows that the PM model residual analysis, 

while more complicated, is also a more powerful tool in examining the 

relationship between urban trees and their environment. 

5.3.4 TREE WATER USE AND STORMWATER   

Tree water removal (transpiration or transpiration + canopy interception) 

was compared with annual rainfall assuming different percentages of canopy 

cover (Study III). The potential effect of tree transpiration in water removal 

is clearly considerable, and very high water removal relative to annual 

rainfall appeared attainable with reasonable canopy cover, especially with 

Alnus trees. In urban areas, stormwater-related problems occur where land 

use intensity is high, and open or vegetation-covered ground is not feasible 

due to heavy trampling and high human use intensity. In a study reporting 

stormwater runoff from three urban catchments in Helsinki (Valtanen et al. 

2014), runoff/precipitation ratios indicated that more than half of the warm 

season rainfall was lost from the catchment with highest land use intensity 

(total impervious area 89%) as runoff. It can be assumed that the remaining 

proportion was mainly lost as evapotranspiration. This would indicate that 
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the actual summertime stormwater loading of intensive land use areas could 

be of a magnitude of half of the rainfall, which brings the estimate of Alnus 

canopy cover needed to transpire the stormwater to roughly 20% in this case. 

Unfortunately, this estimate leaves much room for error, as non-vegetation 

land cover transpiration in urban areas is difficult to describe accurately on a 

small scale. Studies on transpiration from permeable pavements (Starke et 

al. 2011) emphasize, in addition to the role of surface albedo, also such 

difficult-to-measure variables as soil water storage and capillary rise in layers 

beneath the surface. Considering other possible land cover types, such as 

lawn, tree transpiration in relation to ET0 can be seen directly from the value 

of parameter c in M1 (Study III, Table 2). It indicates that for Alnus 

transpiration is similar or slightly higher than that of the well-watered grass 

reference. 

Scaling up the measured tree transpiration to different canopy cover is 

problematic, however, because transpiration per tree increases as canopy 

cover decreases (Oke 1987). It was found in a plant spacing experiment 

(Hagishima et al. 2007) that transpiration from scattered vegetation (per 

canopy area) could be several times higher than from plants placed close 

together. In Study III, it was not possible to take tree spacing into account 

because there was next to no variation in tree spacing; street trees tend to be 

planted in even rows. In the modelling exercise, taking crown surface area 

into account decreased the residual variation on both annual and interannual 

levels, which implies that the vertical dimension contributes much to total 

transpiration, and thus, tighter spacing could notably diminish the tree 

transpiration. Also the possible effects of shading buildings surrounding the 

street canyon on Alnus transpiration remain unquantified, but can be 

expected to lower the tree transpiration to some degree in a similar manner 

as closer tree spacing would, thus causing no risk of overestimating the 

potential tree transpiration in Study III.  

While the rainfall interception by tree crowns is usually included in tree 

ecosystem service estimations (Bolun and Hunhammar 1999, McPherson 

and Simpson 2002, McPherson et al. 2005, McPherson 2007), the water use 

of urban trees is rarely considered in the context of stormwater management 

(Scharenbroch et al. 2016). This is counterintuitive as urban trees are 

commonly believed to suffer from lack of water; yet leading stormwater out 

of urban areas is both expensive and detrimental to receiving water bodies 

(Valtanen et al. 2014). To some extent, the problem is related to differing 

time scales; in Scandinavia, stormwater management issues tend to relate to 

rain events of high intensity and not necessarily long duration (e.g. 

Semadeni-Davies and Bengtsson 1999), while tree transpiration tends to 

become important on a longer time scale (e.g. Scharenbroch et al. 2016).  

Comparing measured or modelled tree water removal in our study against 

annual precipitation with and without taking canopy interception into 

account (Figure 15) shows that, especially for the columnar Alnus with its 

narrow crown, canopy interception adds relatively little to tree-related 
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rainfall removal. Canopy interception effect on stormwater generation 

benefits only the area covered by the canopy, while transpiration water can 

be – in theory – collected from a larger area.  Whether this potential is 

realized in urban environment is doubtful, as both unsealed soil area and tree 

root extension tend to be limited. 

The degree of soil sealing is a dominant determinant of tree environment 

in urban areas. This can be easily seen with the water cycle, but also with all 

resource inputs and outputs related to urban trees; carbon and nutrients are 

cycled between aboveground and belowground parts of the ecosystem as 

well. The potential that tree transpiration clearly has in management of the 

urban water balance can be realized by various establishment methods that 

allow for the use of rainwater as a water source for trees. Permeable surfacing 

is one such method (Morgenroth and Visser 2011, Viswanathan et al. 2011), 

bioswales are another example (Xiao and McPherson 2011, McLaughlin 

2012). More solutions are being applied in pilot projects and also are in wider 

use in the field (Grabosky 2015), although research publications tend to lag 

behind in this practically oriented field. 

5.4  REMARKS ON THE POSSIBILITIES AND 

LIMITATIONS OF THE CASE STUDY APPROACH 

Studies I, II and III were performed at the same research sites, two real-life 

streets built following the usual local street and tree site planning and 

construction practices. The close connection between research and practice, 

typical for the field of urban tree research, can be both a blessing and a curse; 

on one hand, research can produce knowledge that is easily applicable in the 

field, on the other hand, it may lead to overly practical research set-ups from 

which results are difficult to compare (Grabosky 2015), not to mention 

generalize. Studies I, II and III are case studies, where a limited number of 

trees, representing only two species, and tree soils at the same sites were 

measured repeatedly. Focusing data collection on the case study sites allowed 

for efficient use of resources and automation of some measurements. 

Another clear benefit was the opportunity to see long-term effects of the 

environment on tree development and to shed light on long-term, ecosystem-

level phenomena such as tree carbon sequestration and site water balance. 

The connection and feedbacks between the tree environment and the 

ecosystem services it produces benefit from a long-term integrated view, 

which is much more easily achieved with few well-documented sites than 

with e.g. sampling of large street tree populations.  

Problems of the case-study set-up are largely related to analysing the data 

and generalizing the results; because the range of tree species and site 

conditions is limited, generalizing must be based more on analysis and 

understanding of phenomena, interactions and mechanisms than on 

statistical evidence. Thus, the results as such can only be applied in Finland, 
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where tree establishment practices and conditions are reasonably similar, but 

the understanding gained on how street trees interact with their 

environment/ecosystem and produce services can be applied more widely. 

For example, while the conclusion that the case study trees and soils were a 

carbon source rather than a carbon sink ten years after planting (Study II) 

does not give an answer as to whether this is true for the average street tree 

and soil in Finland, in boreal regions or globally, it brings forth the possibility 

and also provides tools to avoid this situation as well as tools to assess any 

given tree and soil case. Similarly, while observations of biomass distribution 

of only two tree species on one site reveal little of the applicability of forestry-

derived BEs to urban trees in general, a possible deviation of the urban tree 

biomass distribution from that of the forest trees, and its likely causes were 

identified and can be challenged in future studies. Another problem of a 

long-term case study is the repeated measurements of the same few 

individuals, which fortunately can be solved with statistical methods to some 

extent. Some risk remains, however, that a given phenomenon seen in the 

data is caused by inherent variation in the studied trees rather than the 

factors and effectors analysed. On the other hand, repeated measurements 

can bring about high resource use efficiency, as taking the subject effects into 

account in analysis tends to reduce random variation, thus allowing for 

significant effects with smaller sample sizes. 

The sites were constructed to serve as normal streets with street tree 

plantings, subject to typical street and tree maintenance procedures. This 

allowed for reasonable set-up and maintenance costs. Building such streets 

and maintaining them in e.g. an experimental field for a decade would have 

been prohibitively expensive, while in the realized research set-up, the costs 

of the street and site construction and maintenance were part of construction 

and maintenance of regular city infrastructure. When hoping to bring forth 

useful solutions in tree establishment, the set-up built on a real-life street has 

the additional benefit of serving as a practical example, a pilot case, which 

can be used directly as a source of information by the actors in the practical 

field of urban greening.  

In conclusion, long-term case studies have a place and distinct value in 

urban tree research. For example, in Study III, the applicability of PM 

models in predicting street tree transpiration would have been perceived 

quite differently if only one year of data had been available. However, also 

larger population studies and more representative sampling are needed to 

gain a firm understanding of the relative importance of e.g. tree biomass 

distribution differences between non-urban forest stands and street trees. 

Long-term case studies can help in the formation of new hypotheses, which 

then can be validated with more representative data collected from larger 

populations and analysed with more robust statistical methods. 

Overall, urban tree research is related to slow phenomena such as tree 

growth, and long-term studies are difficult to achieve, especially at the pace 

necessitated by changing demands for the urban tree environment and 
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services. Grabosky (2015) suggests that a common testing and reporting 

scheme for structural soil studies would help to gain a general picture and 

comparable results. To take the matter further, related fields, especially 

forest ecology, rely greatly on process-based modelling of tree function and 

development. Forestry and forest ecology research have produced detailed 

understanding of how trees react to their environment, and a fair degree of 

convergence in environmental responses can be expected between tree taxa 

(Meinzer 2003). Process-based models predict tree growth and function 

from environmental responses and can predict e.g. changes in forest growth 

as a result of various climate change scenarios, albeit with many 

uncertainties (see recent review by Lindner et al. 2014). In the field of urban 

tree research, the difficulty in attaining detailed information about the 

heterogeneous urban environment and the variety of tree species present has 

no doubt hindered the application of modelling approaches; however, as 

pointed out already in the 1980s, variation in the urban environment does 

not fall entirely outside the natural range (Whitlow and Bassuk 1987). This 

implies that process-based models developed in a forestry context may serve 

in elucidating urban tree responses to their environment. With the growing 

interest in urban climate models and increasingly high-resolution spatial and 

land-cover data available (Karsisto et al. 2015, Nordbo et al. 2015), 

developing models to describe tree function and growth in urban 

environments may be feasible in the future.   

5.5 ECOSYSTEM SERVICE PROVISION BY YOUNG 

STREET TREES – PRACTICAL IMPLICATIONS 

In the Million Tree Initiative and other tree planting campaigns promoted in 

our cities, many hopes and expectations of ecosystem service provision are 

pinned on the newly planted urban trees. To begin with, these trees must 

successfully survive transplanting and conquer transplanting shock, often a 

considerable challenge in itself, especially if initial maintenance level of the 

trees is low. Thereafter, how these expectations are realized is largely 

determined by tree growth and resulting tree size. These, in turn, depend on 

the growing environment that we create and its provision of growth 

resources for the trees. The majority of ecosystem services accounted for in 

evaluation protocols depend on tree size; the bigger the tree, the more and 

better ecosystem services it can provide. Tree growth resources can be 

supplied by maintenance, such as irrigation and fertilization, or by urban 

biogeochemical cycles running parallel to water and nutrient cycles of natural 

ecosystems. When aiming for low operational cost in ecosystem service 

provision, the latter is clearly the better option, but presents a multitude of 

challenges. The majority of these challenges are most easily tackled at the 

planning and establishment stages, avoiding subsequent expensive site 

renovations and retrofitting.  
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The interrelations of tree growth, water availability and stormwater 

management potential of trees form an interesting network, and the 

challenge lies in finding the optimal place and time for intervention in this 

network to attain the best overall results. Tree water use increases at the 

same pace as tree size, but when soil volume limits root exploration, 

increased resource acquisition from the soil is also limited. It would be 

beneficial if the amount of water available for trees could be scaled according 

to tree size in such a way that both flooding and drought could be prevented. 

This can be realized to some extent by arranging a frequent and large water 

input in tree soil combined with good drainage. In addition, if rainfall 

intervals tend to be longish, at least a moderate soil water retention capacity 

is needed. Leading stormwater to trees can fulfil the first condition, and the 

idea is rather well known (e.g. Bartens et al. 2009, Embrén et al. 2009), 

albeit its adoption is somewhat hampered by concerns over infrastructure 

damage and soil and groundwater pollution (to some extent, these concerns 

are common for all stormwater infiltration solutions). Stormwater is either 

collected from roofs or footpaths, or infiltrated through permeable asphalt or 

pavement, and led to well-draining structural soil with a subsurface drain at 

the bottom. The water retention capacity of structural soils tends to be low 

due to the large volume fraction of stones, although these can contribute to 

soil water retention as well (Grabosky et al. 2009).  

Attaining adequate water retention and storage in structural tree soils 

without compromising oxygen availability and the high infiltration rate 

remains challenging, despite fairly extensive experience with the use of water 

retention agents in the fine soil fraction (e.g. hydrogel, Grabosky and Bassuk 

1995; lava stone, Bartens et al. 2010). The testing of two structural soils used 

in the US, both designed for good water retention, gave plant available water 

storage of 7-11% of volume (Grabosky et al. 2009), which is likely in the 

upper range of what can be attained in structural soil by optimizing the soil 

mix; these numbers indicate that plant-available water fills at least 30% of 

the voids between matrix stones. Considering both water and carbon-related 

ecosystem services, perhaps the most attractive additive is biochar, already 

used in tree soils (Scharenbroch et al. 2013, Andreasson et al. 2014). Its 

renewable raw material and longevity in soil could help attain C 

sequestration in urban plantings. It may have additional potential benefits in 

cleaning stormwater passing through tree soils (Ahmad et al. 2014). It 

improves soil water retention and at least in certain situations retains plant-

available nutrients; the amount of research available on other applications 

gives confidence in its positive effects (e.g. Jeffery et al. 2011). However, the 

effects and longevity of biochar depend greatly on its ingredients and 

pyrolysis process (e.g. Zimmerman 2010), and more research is certainly 

needed. Unlike with stormwater infiltration through tree soils, there are few 

concerns about potential harmful effects of biochar, and consequently, its use 

may be adopted more easily.  
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There appear to be few reasons to continue using peat in tree soils, as it 

can be replaced with other materials to provide the benefits of soil organic 

matter. Replacing peat as a compost bulking agent is being actively 

investigated (e.g. Barrington et al. 2002, Manios 2004, Dias et al. 2010). 

Overall, SOM additives in tree soils will likely continue to be valuable for soil 

properties, as it is difficult to envision any way to retain or improve local 

aboveground litter cycling and the related nutrient and carbon inputs to soil 

on sealed soils to any significant degree. Unnecessary soil sealing should 

obviously be avoided, and open soil can be retained under trees with e.g. 

ground cover plantings when permitted by site use. There are some other 

possible avenues to reduce tree planting-related C costs, the effectiveness of 

which could be assessed. Planting smaller nursery trees might cause lower 

related C expenses, as they are easier to transport and can be planted without 

heavy equipment. Whether the smaller tree size would offset this benefit by 

lower lifetime C uptake should be studied in more species and with different 

maintenance levels. The current prevailing view that smaller nursery trees 

attain the same or greater size than larger transplants within few years 

(Struve et al. 2000, Struve 2009, Gilman et al. 2010) is based on a limited 

number of studies with only a few tree species. Less C intensive tree-related 

infrastructure and materials could be chosen, recycling and re-using when 

possible. Trees planted in the most intensively built areas are obviously at 

disadvantage compared with more lightly built-up areas, but the trees in 

tightly constructed neighbourhoods can be very important providers of 

ecosystem services other than C sequestration. 

Current tree canopy cover in cities can give some indication on how far 

canopy cover can realistically be increased in the hopes of improved 

stormwater management and other ecosystem services. Pincetl (2010) and 

Nowak et al. (2008) have provided average canopy cover values around 22% 

for US cities, but both between and within-city variation can be considerable. 

McPherson et al. (2008) estimated that in Los Angeles, a city where urban 

trees are largely dependent on irrigation, 27-33% canopy cover could be 

attained. Nordbo et al. (2015) analysed fine resolution lidar data to 

determine ground cover types for central Helsinki and for a smaller area in 

downtown Helsinki. These were found to have 16% and 12% of high 

vegetation cover and overall vegetation cover of 27 and 22%, respectively, 

much of the other vegetation being grass. Overall, the rather large scale of the 

examined areas in these assessments does not reveal how much canopy cover 

could realistically be attained in e.g. a residential downtown block, but values 

exceeding 20% seem possible. If trees with columnar crown form are used, 

attaining a high canopy cover is more challenging, as more individual trees, 

and corresponding tree sites, are needed.  

While the columnar Alnus appears efficient in transpiring water based on 

this study, it is essential not to over-use any single taxa in urban environment 

to keep the tree diversity high (e.g. Raupp et al. 2006, Greene and Millward 

2016). In most cities, however, Alnus is currently a relatively rare taxon (e.g. 
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Sjöman et al. 2012), and its use could be increased as long as diversity on a 

local scale is kept in mind. Many other tree species have columnar forms and 

varieties available, and it would be interesting to investigate the transpiration 

of these forms as well. 

Among the ecosystem services provided by street trees, assessments of 

monetary value tend to show carbon sequestration as a minor benefit among 

the already modest proportion of non-aesthetic benefits (e.g. McPherson and 

Simpson 2002, McPherson et al. 2005, McPherson 2007, Peng et al. 2008, 

Soares et al. 2011). The aesthetic benefit, which can be assessed based on the 

increase of property value with the addition of adjacent trees, often produces 

the bulk of the monetary value of urban tree ecosystem services. Runoff 

prevention, based on crown interception only, is usually considered more 

valuable than CO2 sequestration, typically comprising from a few percent up 

to 90% of the non-aesthetic benefits, depending on the assessed area and the 

local expenses in stormwater management. A comparison of study methods 

used shows that how monetary value is calculated for e.g. a tonne of 

sequestered carbon or a cubic metre of prevented stormwater affects the 

results strongly. Local data and valuation methods for services are thus 

needed as the basis for monetary valuation; in Finland, this work is still in its 

early stages (e.g. Punttila 2014). Based on the work presented here, it is not 

possible to assess the absolute or even relative value of examined benefits.  

Overall, improving tree size and longevity appear the most important 

goals in increasing the ecosystem service benefits of urban trees. This may 

require more inputs, e.g. more tree maintenance, than is currently the norm, 

but these additional economic and environmental costs (McPherson et al. 

2015) need to be re-assessed with the ecosystem services in mind; they may 

be justified if they can help old, large trees to remain and provide benefits in 

our cities. The value of large trees should be emphasized so that an effort is 

made to retain existing trees instead of cutting down and replanting; a tree 

economic valuation model based on trunk cross-sectional area seems a good 

start (Östberg and Sjögren 2016). 
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6 CONCLUSIONS 

Street tree crown allometry was found to respond to disturbances, such as 

transplanting, and to at least one environmental condition, namely soil water 

content (Study I). Shoot growth was dependent on soil moisture, showing a 

decrease in both dry and overly wet conditions. This shows that, in addition 

to adequate soil volume provision, risk of drought and also flooding must be 

avoided in stormwater management solutions. The three types of structural 

soils tested in Study I were all reasonably well-suited for street tree growing 

media, assessed based on attained tree growth.  

Within the first decade of life after planting according to local (Finnish) 

current standard practices, a street tree is much more likely to be a C source 

rather than a C sink due to high C loss from tree soils (Study II). While it is 

possible that the balance is inverted later in the tree’s lifespan, this requires 

improvement in tree life expectancy. Also the source of organic matter in tree 

soils should be chosen with care.  The Tilia trees studied were expected to 

take at least 30 years of growth at the street site to attain C neutrality with 

regard to tree sequestration versus soil C loss. While trees grew reasonably 

well on all three tested growing media, from the point of view of improving 

tree ecosystem services, relatively low and stable SOM in growing media is 

recommended, and the use of peat is discouraged. 

Existing biomass equations are more suitable for predicting the total 

aboveground biomass of street trees than the biomass distribution between 

the trunk, branches and leaves. Further work is needed on biomass 

distribution within street trees and on whether the distribution is merely 

caused by the open growing site and pruning or whether some other features 

of urban environment significantly shape the biomass relations. The crown 

allometry measurements in Study I indicate that soil water content and the 

disturbance regime are likely to play some role. Also the effects of urban tree 

biomass distribution on above- and underground litter abundance and 

dynamics warrant further study in the context of urban carbon and nutrient 

cycles. 

Annual street tree transpiration could be predicted with a reasonable 

accuracy from microclimatic factors and leaf area, but the addition of a more 

detailed description of crown dimensions improved the model notably. 

Accuracy could be further improved by including soil water availability in the 

model. Attempts at intra-annual parameterization of the tree transpiration 

model were less satisfactory. On an annual time scale, the case study trees 

contributed notably to local water balance with their transpiration. 

Calculations (Study III) indicated that Alnus trees could transpire the annual 

average rainfall with less than 50% canopy cover. While such canopy cover is 

often not realistic, the results show that leading e.g. roof water to street trees 

could markedly lessen the stormwater loading in drainage systems. 
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Additionally, while the canopy cover increases, it is expected that 

transpiration per PCA decreases as the sides of the narrow crown, 

contributing much to canopy surface area, become less exposed to 

atmosphere. Nevertheless, street trees could benefit from additional water 

resources and simultaneously lessen the stormwater loading if e.g. roof water 

could be led to tree soils.  

Street tree transpiration, growth and litter production could be 

approached (in single tree to city block scale) with integrated models, taking 

advantage of the increasing availability and improved resolution of urban 

meteorological data and remote sensing methods to measure changes in tree 

dimensions. Even an unsuccessful attempt at developing and applying such a 

model will shed light on future paths. We need to identify the tree responses 

that are the least successfully transferred from other ecosystems to urban 

environment and focus our research on these. This type of modelling exercise 

would take what is currently known of tree environmental responses and use 

this information in a range of conditions increasingly likely to be met also 

outside cities as climate change proceeds, thus providing valuable model 

testing and validation. 

 



�
�

�

7 REFERENCES 

Ahern, M., Kovats, R. S., Wilkinson, P., Few, R.,  Matthies, F. 2005. Global 

health impacts of floods: epidemiologic evidence. Epidemiologic reviews, 

27, 36-46. 

Ahlgren, S., Björklund, A., Ekman, A., Karlsson, H., Berlin, J., ... Strid, I. 

2015. Review of methodological choices in LCA of biorefinery systems�key 

issues and recommendations. Biofuels, Bioproducts and Biorefining, 9, 

606-619. 

Aktas, C.B.,  Bilec, M.M. 2012. Impact of lifetime on US residential building 

LCA results. The International Journal of Life Cycle Assessment, 17, 337-

349. 

Alden, H.A. 1995. Hardwoods of North America. General Technical Report-

Forest Products Laboratory, USDA Forest Service, (FPL-GTR-83). 

Alexander, P. D., Bragg, N. C., Meade, R., Padelopoulos, G., Watts, O. 2008. 

Peat in horticulture and conservation: the UK response to a changing 

world. Mires and Peat, 3(8), 1-10. 

Amiro, B.D., Barr, A.G., Black, T.A., Iwashita, H., Kljun, N., … Saigusa, N. 

2006. Carbon, energy and water fluxes at mature and disturbed forest 

sites, Saskatchewan, Canada. Agricultural and Forest Meteorology, 136, 

237-251. 

Andreasson F, Embrén B., Fransson, A.-M. 2014. Growth of Prunus avium 

street trees is increased by addition of biocharcole to a structural soil. In: 

International conference on Urban Tree Diversity Programme and 

abstract book, 2014, Alnarp, Sweden, p. 57. 

Arain, M.A., Black, T.A., Barr, A.G., Griffis, T.J., Morgenstern, K., Nesic, Z. 

2003. Year-round observations of the energy and water vapour fluxes 

above a boreal black spruce forest. Hydrological Processes 17, 3581-3600. 

Ares, A., Brauer, D. 2005. Aboveground biomass partitioning in loblolly pine 

silvopastoral stands: spatial configuration and pruning effects. Forest 

ecology and management, 219(2), 176-184. 

Arnfield, A. J. 2003. Two decades of urban climate research: a review of 

turbulence, exchanges of energy and water, and the urban heat island. 

International Journal of Climatology, 23, 1-26. 

Aro, L., Hökkä, H., Lindroos, A.-J.,  Rautio, P.,  Salemaa, M.,  ... 

Leppälammi-Kujansuu, J. 2013. Results of forest monitoring on Olkiluoto 

island in 2011. Posiva working report 1012-87. 68 p. + app.  

Assouline, S., Mualem, Y. 2002. Infiltration during soil sealing: the effect of 

areal heterogeneity of soil hydraulic properties. Water Resources 

Research, 38(12), 22-1 – 22-9. 

Bae, J., Ryu, Y. 2015. Land use and land cover changes explain spatial and 

temporal variations of the soil organic carbon stocks in a constructed 

urban park. Landscape and Urban Planning, 136, 57-67. 

Baldocchi, D., Valentini, R., Running, S., Oechel, W., Dahlman, R. 1996. 

Strategies for measuring and modelling carbon dioxide and water vapour 

fluxes over terrestrial ecosystems. Global change biology, 2(3), 159-168. 

Barrington, S., Choinière, D., Trigui, M., Knight, W. 2002. Effect of carbon 

source on compost nitrogen and carbon losses. Bioresource Technology, 

83(3), 189-194. 



���

�

Bartens, J., Day, S. D., Harris, J. R., Wynn, T. M., Dove, J. E. 2009. 

Transpiration and root development of urban trees in structural soil 

stormwater reservoirs. Environmental Management, 44(4), 646-657. 

Bartens, J., Wiseman, P. E., & Smiley, E. T. 2010. Stability of landscape trees 

in engineered and conventional urban soil mixes. Urban forestry & urban 

greening, 9(4), 333-338. 

Barton, A. J., Walsh, C. S. 2000. Effect of transplanting on water relations 

and canopy development in Acer. Journal of Environmental Horticulture, 

18(4), 202-206. 

Baskerville, G. L. 1972. Use of logarithmic regression in the estimation of 

plant biomass. Canadian Journal of Forest Research, 2, 49-53. 

Bassuk, N., Grabosky, J., Mucciardi, A., Raffel, G. 2011. Ground-penetrating 

radar accurately locates tree roots in two soil media under pavement. 

Arboriculture and Urban Forestry, 37(4), 160-166. 

Battaglia, M., Cherry, M. L., Beadle, C. L., Sands, P. J., Hingston, A. 1998. 

Prediction of leaf area index in eucalypt plantations: effects of water stress 

and temperature. Tree Physiology, 18(8-9), 521-528. 

Bazzaz, F.A. 1979. The physiological ecology of plant succession. Annual 

Review of Ecology and Systematics, 10, 351–371. 

Bechtold, W. A. 2004. Largest-crown-width prediction models for 53 species 

in the western United States. Western Journal of Applied Forestry, 19(4), 

245-251. 

Beeson, R. C., Jr. 2012. Development of a simple reference 

evapotranspiration model for irrigation of woody ornamentals. 

HortScience, 47(2), 264-268. 

Beeson, R.C., Jr. 2004. Modeling actual evapotranspiration of Ligustrum 

japonicum from rooted cuttings to commercially marketable plants in 12-

liter black polyethylene containers. Acta Horticulturae, 664, 71–77. 

Bentsen, P., Lindholst, A. C., Konijnendijk, C. C. 2010. Reviewing eight years 

of Urban Forestry and Urban Greening: Taking stock, looking ahead. 

Urban Forestry & Urban Greening, 9(4), 273-280. 

Bernal, M. P., Navarro, A. F., Sánchez-Monedero, M. A., Roig, A., Cegarra, J. 

1998. Influence of sewage sludge compost stability and maturity on 

carbon and nitrogen mineralization in soil. Soil Biology and Biochemistry, 

30(3), 305-313. 

Bernier, P.Y., Bartlett, P., Black, T.A., Barr, A., Kljun, N., McCaughey, J.H. 

2006. Drought constraints on transpiration and canopy conductance in 

mature aspen and jack pine stands. Agricultural and Forest Meteorology, 

140, 64-78. 

Berninger, F.,  Coll, L., Vanninen, P.,  Mäkelä, A.,  Palmroth, S. Nikinmaa, E. 

2005. Effects of tree size and position on pipe model ratios in Scots pine. 

Canadian Journal of Forest Research, 35, 1294-1305. 

Berninger, F., Nikinmaa, E. 1994. Foliage area-sapwood area relationships of 

Scots pine (Pinus sylvestris) trees in different climates. Canadian Journal 

of Forest Research, 24(11), 2263-2268. 

Berninger, F., Nikinmaa, E. 1997. Implications of varying pipe model 

relationships on Scots pine growth in different climates. Functional 

Ecology, 11(2), 146-156. 

Berrang, P., Karnosky, D. F., Stanton, B. J. 1985. Environmental factors 

affecting tree health in New York City. Journal of arboriculture, 11, 185-

189. 



���

�

Beyer, L., Blume, H. P., Elsner, D. C., Willnow, A. 1995. Soil organic matter 

composition and microbial activity in urban soils. Science of the Total 

Environment, 168(3), 267-278. 

Blodau, C. 2002. Carbon cycling in peatlands A review of processes and 

controls. Environmental Reviews, 10(2), 111-134. 

Bolan, N.S., Kunhikrishnan, A., Choppala, G.K., Thangarajan, R., Chung, J. 

W. 2012. Stabilization of carbon in composts and biochars in relation to 

carbon sequestration and soil fertility. Science of the Total Environment 

424, 264-270. 

Bolund, P.,  Hunhammar, S. 1999. Ecosystem services in urban areas. 

Ecological economics, 29(2), 293-301. 

Bomberg, M., Timonen, S. 2009. Effect of tree species and mycorrhizal 

colonization on the archaeal population of boreal forest rhizospheres. 

Applied and environmental microbiology, 75, 308-315. 

Boyd, M. J., Bufill, M. C., Knee, R. M. 1993. Pervious and impervious runoff 

in urban catchments. Hydrological Sciences Journal, 38(6), 463-478. 

Braun, P., Schmid, J. 1999a. Sap flow measurements in grapevines (Vitis 

vinifera L.) 1. Stem morphology and use of the heat balance method. 

Plant and Soil, 215(1), 39-45. 

Braun, P., Schmid, J. 1999b. Sap flow measurements in grapevines (Vitis 

vinifera L.) 2. Granier measurements. Plant and Soil, 215(1), 47-55. 

Bréda, N., Huc, R., Granier, A., Dreyer, E. 2006. Temperate forest trees and 

stands under severe drought: a review of ecophysiological responses, 

adaptation processes and long-term consequences. Annals of Forest 

Science, 63(6), 625-64. 

Bühler, O., Balder, H.,  Kristoffersen, F. 2009. Establishment of urban trees. 

CAB Reviews: Perspectives in Agriculture, Veterinary Science, Nutrition 

and Natural Resources, 4(059), 1-11. 

Bühler, O., Ingerslev, M., Skov, S., Schou, E., Thomsen, I. M., … 

Kristoffersen, P. 2016. Tree development in structural soil–an empirical 

below-ground in-situ study of urban trees in Copenhagen, Denmark. 

Plant and Soil, in press; DOI 10.1007/s11104-016-2814-4 

Bühler, O., Kristoffersen, P., Larsen, S. U. 2007. Growth of street trees in 

Copenhagen with emphasis on the effect of different establishment 

concepts. Arboriculture and Urban Forestry, 33(5), 330-337. 

Bühler, O., Nielsen, C. N., Kristofferson, P. 2006. Growth and phenology of 

established Tilia cordata street trees in response to different irrigation 

regimes. Journal of Arboriculture, 32(1), 3-9. 

Burgess, S. S., Dawson, T. E. 2008. Using branch and basal trunk sap flow 

measurements to estimate whole-plant water capacitance: a caution. 

Plant and Soil, 305(1-2), 5-13. 

Burghardt, W. 2006. Soil sealing and soil properties related to sealing. 

Geological Society, London, Special Publications, 266(1), 117-124. 

Burns, R.M., Honkala, B.H. (tech. coords.) 1990. Silvics of North America, 

vol 2. Hardwoods. Agriculture Handbook 654, U.S. Dept. of Agriculture, 

Forest Service, Washington, D.C. 877 p. 

Buyle, M., Braet, J., Audenaert, A. 2013. Life cycle assessment in the 

construction sector: a review. Renewable and Sustainable Energy 

Reviews, 26, 379-388. 

Böckmann, T., 1990. Ertragstafel für Winterlinde (Tilia cordata Mill.) in 

Niedersachsen und Nordhessen. Allgemeine Forst- und Jagdzeitung, 162, 

28-34. 



���

�

Cairns, M. A., Brown, S., Helmer, E. H., Baumgardner, G. A. 1997. Root 

biomass allocation in the world's upland forests. Oecologia, 111(1), 1-11. 

Carlile, W. R., Cattivello, C., Zaccheo, P. 2015. Organic Growing media: 

constituents and properties. Vadose Zone Journal, 14(6). 

doi:10.2136/vzj2014.09.0125 

Caron, J., Heinse, R., Charpentier, S. 2015. Organic Materials Used in 

Agriculture, Horticulture, Reconstructed Soils, and Filtering Applications. 

Vadose Zone Journal, 14(6). doi:10.2136/vzj2015.04.0057 

Carreiro, M. M., Howe, K., Parkhurst, D. F., Pouyat, R. V. 1999. Variation in 

quality and decomposability of red oak leaf litter along an urban-rural 

gradient. Biology and Fertility of Soils, 30(3), 258-268. 

Chaves, M. M., Pereira, J. S., Maroco, J., Rodrigues, M. L., Ricardo, C. P. P ... 

Pinheiro, C. 2002. How plants cope with water stress in the field? 

Photosynthesis and growth. Annals of botany, 89(7), 907-916. 

Chen, L., Zhang, Z., Li, Z., Tang, J., Caldwell, P., Zhang, W. 2011. Biophysical 

control of whole tree transpiration under an urban environment in 

Northern China. Journal of Hydrology, 402(3), 388-400. 

Chen, X., Miller, G. R., Rubin, Y., Baldocchi, D. D. 2012. A statistical method 

for estimating wood thermal diffusivity and probe geometry using in situ 

heat response curves from sap flow measurements. Tree Physiology, 

32(12), 1458-1470. 

Chen, Y., Day, S. D., Wick, A. F., Strahm, B. D., Wiseman, P. E.,  Daniels, W. 

L. 2013. Changes in soil carbon pools and microbial biomass from urban 

land development and subsequent post-development soil rehabilitation. 

Soil Biology and Biochemistry, 66, 38-44. 

Chojnacky, D.C., Heath, L.S., Jenkins, J.C., 2014. Updated generalized 

biomass equations for North American tree species. Forestry, 87, 129–151. 

Churkina, G., Brown, D. G., Keoleian, G. 2010. Carbon stored in human 

settlements: the conterminous United States. Global Change Biology, 

16(1), 135-143. 

Churkina, G., Grote, R., Butler, T. M., Lawrence, M. 2015. Natural selection? 

Picking the right trees for urban greening. Environmental Science & 

Policy, 47, 12-17. 

Clements, J. R. 1970. Shoot responses of young red pine to watering applied 

over two seasons. Canadian Journal of Botany, 48(1), 75-80. 

Clifford, D., Cressie, N., England, J. R., Roxburgh, S. H., Paul, K. I. 2013. 

Correction factors for unbiased, efficient estimation and prediction of 

biomass from log–log allometric models. Forest Ecology and 

Management, 310, 375-381.  

Coleman, M. D., Friend, A. L., Kern, C. C. 2004. Carbon allocation and 

nitrogen acquisition in a developing Populus deltoides plantation. Tree 

Physiology, 24(12), 1347-1357. 

Costello, L. Jones, K. 2003. Reducing infrastructure damage by tree roots: A 

compendium of strategies. International Society of Arboriculture, 

Western Chapter, Cohasset, CA, USA. 119 p. 

Costello, L. R., MacDonald, J. D., Jacobs, K. A. 1991. Soil aeration and tree 

health: correlating soil oxygen measurements with the decline of 

established oaks. In: Standiford, R.B. (tech. coord.). Proceedings of the 

symposium on oak woodlands and hardwood rangeland management. 

Gen. Tech. Rep. PSW-GTR-126. Berkeley, CA: Pacific Southwest Research 

Station, Forest Service, US Department of Agriculture. p. 295-299. 



���

�

Couenberg, E. A. M. 1994. Amsterdam tree soil. In The Landscape Below 

Ground: Proceedings of an International Workshop on Tree Root 

Development in Urban Soils. International Society of Arboriculture, 

Champaign, IL, pp. 24-33. 

Coutts, M. P., Philipson, J. J. 1978. Tolerance of tree roots to waterlogging. 

New Phytologist, 80(1), 71-77. 

Cutler, S. R., Rodriguez, P. L., Finkelstein, R. R., Abrams, S. R. 2010. Abscisic 

acid: emergence of a core signaling network. Annual Reviews Plant 

Biology, 61, 651-679. 

Dahle, G. A., Gallagher, F. J., Gershensond, D., Schäfer, K. V., Grabosky, J. C. 

2014. Allometric and mass relationships of Betula populifolia in a 

naturally assembled urban brownfield: implications for carbon modeling. 

Urban Ecosystems, 17(4), 1147-1160. 

Daley, M. J., Phillips, N. G. 2006. Interspecific variation in nighttime 

transpiration and stomatal conductance in a mixed New England 

deciduous forest. Tree Physiology, 26(4), 411-419. 

Daley, M.J., Phillips, N.G., Pettijohn, C., Hadley, J.L. 2007. Water use by 

eastern hemlock (Tsuga canadensis) and black birch (Betula lenta): 

implications of effects of the hemlock woolly adelgid. Canadian Journal of 

Forest Research, 37, 2031-2040. 

Damour, G., Simonneau, T., Cochard, H., Urban, L. 2010. An overview of 

models of stomatal conductance at the leaf level. Plant, Cell & 

Environment, 33(9), 1419-1438. 

Davies, Z. G., Edmondson, J. L., Heinemeyer, A., Leake, J. R., Gaston, K. J. 

2011. Mapping an urban ecosystem service: quantifying above�ground 

carbon storage at a city�wide scale. Journal of Applied Ecology, 48(5), 

1125-1134. 

Day, S.D., Wiseman, E., Dickinson, S.B., Harris J.R. 2010. Contemporary 

concepts of root system architecture of urban trees. Arboriculture & 

Urban Forestry, 364, 149-159. 

Decina, S. M., Hutyra, L. R., Gately, C. K., Getson, J. M., Reinmann, A. B., ... 

Templer, P. H. 2016. Soil respiration contributes substantially to urban 

carbon fluxes in the greater Boston area. Environmental Pollution, 212, 

433-439. 

Defra, 2009. A preliminary assessment of the greenhouse gases associated 

with growing media materials. IFO154. Research Final Report. SID 5. 

http://randd.defra.gov.uk. Retrieved 05/2015. 

DeGaetano, A. T. 2000. Specification of soil volume and irrigation frequency 

for urban tree containers using climate data. Journal of Arboriculture 

26(3), 142-151. 

Delshammar, T., Östberg, J., Öxell, C. 2015. Urban Trees and Ecosystem 

Disservices--A Pilot Study Using Complaints Records from Three Swedish 

Cities. Arboriculture & Urban Forestry, 41(4). 

Deluca, T. H., Boisvenue, C. 2012. Boreal forest soil carbon: distribution, 

function and modelling. Forestry, 85.2, 161-184 (cps003). 

DeWald, L.E., Steiner, K. C. 1986. Phenology, height increment, and cold 

tolerance of Alnus glutinosa populations in a common environment. 

Silvae Genetica, 35, 205-211. 

Dias, B.O., Silva, C.A., Higashikawa, F.S., Roig, A., Sánchez-Monedero, M.A. 

2010. Use of biochar as bulking agent for the composting of poultry 

manure: Effect on organic matter degradation and humification. 

Bioresource technology, 101(4), 1239-1246. 



���

�

Díaz-Porras, D. F., Gaston, K. J., Evans, K. L. 2014. 110 Years of change in 

urban tree stocks and associated carbon storage. Ecology and Evolution, 

4(8), 1413-1422. 

Dilly, O., Munch, J.-C. 1996. Microbial biomass content, basal respiration 

and enzyme activities during the course of decomposition of leaf litter in 

black alder (Alnus glutinosa (L.) Gaertn.) forest. Soil Biology and 

Biochemisty, 28, 1073-1081. 

Dobbs, C., Escobedo, F. J., Zipperer, W. C. 2011. A framework for developing 

urban forest ecosystem services and goods indicators. Landscape and 

Urban Planning, 99(3), 196-206. 

Doorenbos, J., W.O. Pruitt. 1977. Guidelines for predicting crop water 

requirements. FAO Irrigation and Drainage Paper 24. 2nd Ed. Food and 

Agriculture Organization of the United Nations, Rome, Italy. 145 p. 

Dorendorf, J., Wilken, A., Eschenbach, A., Jensen, K.. 2015. Urban-induced 

changes in tree leaf litter accelerate decomposition. Ecological Processes, 

4(1), 1-16. 

Dragoni, D., Lakso, A. N.,  Piccioni, R. M. 2005. Transpiration of apple trees 

in a humid climate using heat pulse sap flow gauges calibrated with 

whole-canopy gas exchange chambers. Agricultural and Forest 

Meteorology, 130(1), 85-94. 

Dufrêne, E.,  Bréda, N. 1995. Estimation of deciduous forest leaf area index 

using direct and indirect methods. Oecologia, 104(2), 156-162. 

Duryea, M. L., English, R. J., Hermansen, L. A. 1999.  A comparison of 

landscape mulches: chemical, allelopathic, and decomposition properties. 

Journal of Arboriculture, 25, 88-97. 

Dutta, D., Herath, S., Musiake, K. 2001. Direct flood damage modeling 

towards urban flood risk management. In: Joint Workshop on Urban 

Safety Engineering. Thailand, Asian Institute of Engineering.  pp. 127-143. 

Duursma, R. A., Kolari, P., Perämäki, M., Nikinmaa, E., Hari, P., ... Mäkelä, 

A. 2008. Predicting the decline in daily maximum transpiration rate of 

two pine stands during drought based on constant minimum leaf water 

potential and plant hydraulic conductance. Tree Physiology, 28(2), 265-

276. 

Dwyer, J. F., McPherson, E. G., Schroeder, H. W., Rowntree, R. A. 1992. 

Assessing the benefits and costs of the urban forest. Journal of 

Arboriculture, 18, 227-227. 

Edmondson, J. L., Davies, Z. G., McHugh, N., Gaston, K. J., Leake, J. R. 

2012. Organic carbon hidden in urban ecosystems. Scientific Reports, 2, 

963. DOI: 10.1038/srep00963 

Edmondson, J. L., Gaston, K. J., Leake, J. R. 2015. Soil and the city. Frontiers 

in Ecology and the Environment, 13(5), 241-241. 

Edmondson, J. L., O'Sullivan, O. S., Inger, R., Potter, J., McHugh, N., …  

Leake, J. R. 2014. Urban tree effects on soil organic carbon. PloS one, 

9(7), e101872. 

Ehrlich, P.R.,. Mooney, H. A. 1983.  Extinction, Substitution, and Ecosystem 

Services. BioScience 33, 248-254. 

Embrén B., B-M Alvem, Ö. Stål, and A. Oversten. 2009. Planting Beds in the 

City of Stockholm: A Handbook. 2009.02.23. GH100322, Stockholms 

Stad, p. 83.Ericsson, T., Rytter, L., Vapaavuori, E. 1996. Physiology of 

carbon allocation in trees. Biomass and Bioenergy, 11(2), 115-127. 



���

�

Eschenbach, C., Kappen, L. 1999. Leaf water relations of black alder [Alnus 

glutinosa (L.) Gaertn.] growing at neighbouring sites with different water 

regimes. Trees 14, 28-38. 

Facanha, C., Horvath, A. 2006. Environmental Assessment of Freight 

Transportation in the US. The International Journal of Life Cycle 

Assessment, 11(4), 229-239. 

Farber, S. C., Costanza, R., Wilson, M. A. 2002. Economic and ecological 

concepts for valuing ecosystem services. Ecological Economics, 41(3), 

375-392. 

Federer, C.A. 1976. Trees modify the urban microclimate. Journal of 

Arboriculture 2, 121-127. 

Ferguson, B.K. 2005. Porous pavements. CRC Press, Boca Raton, USA. 583 

p.  

Forseth, I. N., Teramura, A. H. 1986. Kudzu leaf energy budget and 

calculated transpiration: the influence of leaflet orientation. Ecology, 564-

571. 

Foster, R. S., Blaine, J. 1978. Urban tree survival: trees in the sidewalk. 

Journal of Arboriculture 4, 14-17. 

Gehring, E., Pezzatti, G. B., Krebs, P., Mazzoleni, S., Conedera, M. 2015. On 

the applicability of the pipe model theory on the chestnut tree (Castanea 

sativa Mill.). Trees, 29(2), 321-332. 

Gibbs, J.N., Palmer, C.A., 1994.  A survey of damage to roadside trees in 

London caused by the application of de-icing salt during the 1990/91 

winter. Arboricultural Journal 18, 321-343. 

Gilbertson, P., Bradshaw, A. D. 1990. The survival of newly planted trees in 

inner cities. Arboricultural Journal, 14(4), 287-309. 

Gill, R. A. and Jackson, R. B. 2000. Global patterns of root turnover for 

terrestrial ecosystems. New Phytologist, 147, 13-31.  

Gilman, E. F. 1989. Predicting root spread from trunk diameter and branch 

spread. Arboricultural Journal, 13(1), 25-32. 

Gilman, E. F. 2015. Pruning Severity and Crown Position Influence Aspect 

Ratio Change. Arboriculture & Urban Forestry, 41(2), 69-74. 

Gilman, E. F., Anderson, P. J., Harchick, C. 2006. Pruning Lower Branches 

of Live Oak (Quercus virginiana Mill.)| Cultivars and Seedlings during 

Nursery Production: Balancing Growth and Efficiency. Journal of 

Environmental Horticulture, 24(4), 201. 

Gilman, E. F. Beeson, R.C. Jr. 1996. Nursery production method affects root 

growth. Journal of Environmental Horticulture, 14, 88-91. 

Gilman, E. F., Grabosky, J. 2009. Growth partitioning three years following 

structural pruning of Quercus virginiana. Journal of Arboriculture, 35(6), 

281. 

Gilman, E. F., Harchick, C., Paz, M. 2010. Effect of tree size, root pruning, 

and production method on establishment of Quercus virginiana. 

Arboriculture & Urban Forestry, 36(4), 183-190. 

Godin, C., Sinoquet, H. 2005. Functional–structural plant modelling. New 

Phytologist, 166(3), 705-708. 

Golubiewski, N. E. 2006. Urbanization increases grassland carbon pools: 

Effects of landscaping in Colorado's front range. Ecological Applications, 

16(2), 555-571. 

Gorham, E. 1991. Biogeochemistry: its origins and development. 

Biogeochemistry, 13(3), 199-239. 



���

�

Grabosky, J. 2015. Research Note: Establishing a Common Method to 

Compare Soil Systems Designed for Both Tree Growth and Pavement 

Support. Soil Science, 180(4/5), 207-213. 

Grabosky, J., Bassuk, N. 2008. Sixth-and tenth year growth measurements 

for three tree species in a load-bearing stone–soil blend under pavement 

and a tree lawn in Brooklyn, New York, US. Arboriculture and Urban 

Forestry, 34, 265-266. 

Grabosky, J., Bassuk, N. 1995.  A new urban tree soil to safely increase 

rooting volumes under sidewalks. Journal of Arboriculture, 21, pp.187-

187. 

Grabosky, J., Bassuk, N., Irwin, L., Van Es, H. 2001. Shoot and root growth 

of three tree species in sidewalks. Journal of Environmental Horticulture, 

19(4), 206-211. 

Grabosky, J., Bassuk, N., Marranca, B. Z. 2002. Preliminary findings from 

measuring street tree shoot growth in two skeletal soil installations 

compared to tree lawn plantings. Journal of Arboriculture, 28(2), 106-

108. 

Grabosky, J., Gilman, E. 2004. Measurement and prediction of tree growth 

reduction from tree planting space design in established parking lots. 

Journal of Arboriculture, 30, 154-164. 

Grabosky, J., Haffner, E., Bassuk, N. 2009. Plant available moisture in stone-

soil media for use under pavement while allowing urban tree root growth. 

Journal of Arboriculture, 35(5), 271. 

Granier, A. 1985. Une nouvelle methode pour la mesure du flux de seve brute 

dans le tronc des arbres. (In French.) Annales des Sciences Forestieres, 

42, 81-88.  

Granier, A. 1987. Evaluation of transpiration in a Douglas-fir stand by means 

of sap flow measurements. Tree Physiology, 3, 309-320. 

Granier, A., Loustau, D., Bréda, N. 2000. A generic model of forest canopy 

conductance dependent on climate, soil water availability and leaf area 

index. Annals of Forest Science, 57, 755–765. 

Greene, C. S., Millward, A. A. 2016. The Legacy of Past Tree Planting 

Decisions for a City Confronting Emerald Ash Borer (Agrilus planipennis) 

Invasion. Frontiers in Ecology and Evolution, 4, 27. 

Gričar, J., Jagodic, Š., Prislan, P. 2015. Structure and subsequent seasonal 

changes in the bark of sessile oak (Quercus petraea). Trees, 29(3), 747-

757. 

Grier, C.G., Running, S.W. 1977. Leaf area of mature northwestern coniferous 

forests: relation to site water balance. Ecology, 58, 893-899. 

Griffin, T. S., Hutchinson, M. 2007. Compost maturity effects on nitrogen 

and carbon mineralization and plant growth. Compost Science & 

Utilization, 15(4), 228-236. 

Groenendijk, M., Dolman, A. J., Van der Molen, M. K., Leuning, R., Arneth, 

A., ... Wohlfahrt, G. 2011. Assessing parameter variability in a 

photosynthesis model within and between plant functional types using 

global Fluxnet eddy covariance data. Agricultural and Forest Meteorology, 

151(1), 22-38. 

Hagishima, A., Narita, K., Tanimoto, J. 2007. Field experiment on 

transpiration from isolated urban plants. Hydrological Processes, 21, 

1217-1222. 



�	�

�

Hale, J.D., Pugh, T.A.M., Sadler, J.P., Boyko, C.T., Brown, J., … MacKenzie, 

A.R. 2005. Delivering a Multi-Functional and Resilient Urban Forest. 

Sustainability, 7, 4600-4624. 

Hann, D.W. 1997. Equations for predicting the largest crown width of stand-

grown trees in western Oregon. Forest Research Laboratory, Oregon State 

University, Corvallis, Research Contribution 17. 19 pp. 

Hansson, K., Fröberg, M., Helmisaari, H. S., Kleja, D. B., Olsson, B. A., … 

Persson, T. 2013a. Carbon and nitrogen pools and fluxes above and below 

ground in spruce, pine and birch stands in southern Sweden. Forest 

Ecology and Management, 309, 28-35. 

Hansson, K., Helmisaari, H. S., Sah, S. P., Lange, H. 2013b. Fine root 

production and turnover of tree and understorey vegetation in Scots pine, 

silver birch and Norway spruce stands in SW Sweden. Forest Ecology and 

Management, 309, 58-65. 

Harris, J. R. 2007. Transplanting large trees. CAB reviews: Perspectives in 

Agriculture, Veterinary Science, Nutrition and Natural Resources 2007, 2, 

024, 7 pp. 

Harris, J. R., Knight, P., Fanelli, J. 1996. Fall transplanting improves 

establishment of balled and burlapped fringe tree (Chionanthus 

virginicus L.). HortScience, 31(7), 1143-1145. 

Heide-Spravka, K.G. von der; Watson, G.W. 1992. Directional differences in 

little-leaf linden (Tilia cordata Mill.) crown development. Arboricultural 

Journal, 16, 243-252. 

Heikkinen, J., Ketoja, E., Nuutinen, V.,  Regina, K. 2013. Declining trend of 

carbon in Finnish cropland soils in 1974–2009. Global Change Biology, 

19(5), 1456-1469. 

Helmisaari, H. S., Derome, J., Nöjd, P.,  Kukkola, M. 2007. Fine root biomass 

in relation to site and stand characteristics in Norway spruce and Scots 

pine stands. Tree Physiology, 27(10), 1493-1504. 

Helsingin kaupunki, 2013. Helsingin yleiskaava. Uudistava täydentäminen – 

purkava saneeraus (in Finnish). Helsingin kaupunkisuunnitteluviraston 

yleissuunnitteluosaston selvityksiä 2013:9. 31 p.  

Herbst, M., Eschenbach, C., Kappen, L. 1999. Water use in neighbouring 

stands of beech (Fagus sylvatica L.) and black alder (Alnus glutinosa (L.) 

Gaertn.). Annals of Forest Science, 56, 107-120. 

Herbst, M., Roberts, J. M., Rosier, P. T.,  Gowing, D. J. 2006. Measuring and 

modelling the rainfall interception loss by hedgerows in southern 

England. Agricultural and Forest Meteorology, 141(2), 244-256. 

Hobbie, S.E., Reich, P.B., Oleksyn, J., Ogdahl, M., Zytkowiak, R, .... 

Karolewski, P. 2006. Tree species effects on decomposition and forest 

floor dynamics in a common garden. Ecology, 87, 2288-2297. 

Hodge, S. J., Boswell, R. 1993. A study of the relationship between site 

conditions and urban tree growth. Journal of Arboriculture, 19, 358-358. 

Hodge, S.J., 1991. Urban trees. A survey of street trees in England. Forestry 

Commission, Edinburgh, 99. 17 p. 

Holopainen, M., Kankare, V., Vastaranta, M., Liang, X., Lin, Y, ... Kukko, A. 

2013. Tree mapping using airborne, terrestrial and mobile laser 

scanning–A case study in a heterogeneous urban forest. Urban Forestry & 

Urban Greening, 12(4), 546-553. 

Holopainen, M., Leino, O., Kämäri, H., Talvitie, M. 2006. Drought damage in 

the park forests of the city of Helsinki. Urban Forestry & Urban Greening, 

4(2), 75-83. 



���

�

Hou, Y., Burkhard, B., Müller, F. 2013. Uncertainties in landscape analysis 

and ecosystem service assessment. Journal of Environmental 

Management, 127, S117-S131. 

Howard, E. T. (1971). Bark structure of the southern pines. Wood Science, 3, 

134-148. 

Howard, J. L., Olszewska, D. 2011. Pedogenesis, geochemical forms of heavy 

metals, and artifact weathering in an urban soil chronosequence, Detroit, 

Michigan. Environmental Pollution, 159(3), 754-761. 

Hutyra, L. R., Yoon, B., Alberti, M. 2011. Terrestrial carbon stocks across a 

gradient of urbanization: a study of the Seattle, WA region. Global Change 

Biology, 17(2), 783-797. 

Hölttä, T., Linkosalo, T., Riikonen, A., Sevanto, S.,  Nikinmaa, E. 2015. An 

analysis of Granier sap flow method, its sensitivity to heat storage and a 

new approach to improve its time dynamics. Agricultural and Forest 

Meteorology, 211, 2-12. 

Ibrahim, L., Proe, M. F., Cameron, A. D. 1997. Main effects of nitrogen 

supply and drought stress upon whole-plant carbon allocation in poplar. 

Canadian Journal of Forest Research, 27(9), 1413-1419. 

Ilomäki, S., Nikinmaa, E., Mäkelä, A. 2003. Crown rise due to competition 

drives biomass allocation in silver birch. Canadian Journal of Forest 

Research, 33(12), 2395-2404. 

Ingestad, T., Ågren, G. I. 1991. The influence of plant nutrition on biomass 

allocation. Ecological Applications, 168-174. 

Irvine, J., Perks, M. P., Magnani, F., Grace, J. 1998. The response of Pinus 

sylvestris to drought: stomatal control of transpiration and hydraulic 

conductance. Tree physiology, 18(6), 393-402. 

Jeffery, S., Verheijen, F. G., Van Der Velde, M., & Bastos, A. C. (2011). A 

quantitative review of the effects of biochar application to soils on crop 

productivity using meta-analysis. Agriculture, Ecosystems & 

Environment, 144(1), 175-187. 

Jenerette, G. D., Wu, J., Grimm, N. B., Hope, D. 2006. Points, patches, and 

regions: scaling soil biogeochemical patterns in an urbanized arid 

ecosystem. Global Change Biology, 12(8), 1532-1544. 

Jenkinson, D.S., Andrew, S.P.S., Lynch, J.M., Goss, P.B., Tinker, P.B. 1990. 

The turnover of organic carbon and nitrogen in soil. Philosophical 

Transactions of Royal Society London Series B, 329, 361–368. 

Jenkinson, D. S., Rayner, J. H. 1977. The turnover of soil organic matter in 

some of the Rothamsted classical experiments. Soil Science, 123(5), 298-

305. 

Jo, H. 2002. Impacts of urban greenspace on offsetting carbon emissions for 

middle Korea. Journal of environmental management 64, 115-126. 

Johnson, T. B., Augé, R. M., Green, C. D., Stodola, A. J., Olinick, J. B., 

Saxton, A. M. 2001. Correlations of stomatal conductance with hydraulic, 

chemical and environmental variables in five urban tree species. Scientia 

Horticulturae, 90(3), 305-320. 

Junttila, O., Heide, O. M. 1981. Shoot and needle growth in Pinus sylvestris 

as related to temperature in northern Fennoscandia. Forest Science, 

27(3), 423-430. 

Jyränkö, P. 1994. Katupuuraportti: katupuiden uusimis- ja 

täydennysohjelma vuosille 1994-2003 (in Finnish). Helsingin kaupungin 

rakennusvirasto, puisto-osasto. 95 p.  



�
�

�

Järvi, L., Nordbo, A., Junninen, H., Riikonen, A.,   Moilanen, J., ... Vesala, T. 

2012. Seasonal and annual variation of carbon dioxide surface fluxes in 

Helsinki, Finland, in 2006-2010. Atmospheric Chemistry and Physics 12, 

8475-8489. doi:10.5194/acp-12-8475-2012 

Karsisto, P., Fortelius, C., Demuzere, M., Grimmond, C. S. B., Oleson, K. W., 

... Järvi, L. 2015. Seasonal surface urban energy balance and wintertime 

stability simulated using three land�surface models in the high�latitude 

city Helsinki. Quarterly Journal of the Royal Meteorological Society 142, 

401-417.  

Kaufert, F. 1937. Factors influencing the formation of periderm in aspen. 

American Journal of Botany, 24-30. 

Kaye, J. P., Groffman, P. M., Grimm, N. B., Baker, L. A., Pouyat, R. V. 2006. 

A distinct urban biogeochemistry?. Trends in Ecology & Evolution, 21(4), 

192-199. 

Keenan, T. F., Baker, I., Barr, A., Ciais, P., Davis, K., ... Hufkens, K. 2012. Terrestrial 

biosphere model performance for inter-annual variability of land-atmosphere 

CO2 exchange. Global Change Biology, 18(6), 1971-1987. 

Kim, Y., Worrell, E. 2002. International comparison of CO2 emission trends 

in the iron and steel industry. Energy policy, 30(10), 827-838. 

King, D. A. 1991. Correlations between biomass allocation, relative growth 

rate and light environment in tropical forest saplings. Functional ecology, 

485-492. 

King, D. A. 1997. The functional significance of leaf angle in Eucalyptus. 

Australian Journal of Botany, 45(4), 619-639. 

King, J. S., Albaugh, T. J., Allen, H. L., Kress, L. W. 1999. Stand-level 

allometry in Pinus taeda as affected by irrigation and fertilization. Tree 

Physiology, 19(12), 769-778. 

Kjelgren, R., Clark, J. R. 1993. Water relations of sweetgum in an urban 

canyon and park. Journal of Arboriculture, 19(5), 266-270 

Kjelgren, R., Montague, T. 1998. Urban tree transpiration over turf and 

asphalt surfaces. Atmospheric Environment 32, 35-41. 

Kjelgren, R., Montague, T., Beeson, R. 2004. Water use and stomatal 

behavior of sweetgum (Liquidambar styraciflua L.) relative to reference 

evaporation in three contrasting regions. Acta Horticulturae, 664, 353-

360. 

Kljun, N., Black, T. A., Griffis, T. J., Barr, A. G., Gaumont-Guay, D., ... Nesic, 

Z. 2006. Response of net ecosystem productivity of three boreal forest 

stands to drought. Ecosystems, 9(7), 1128-1144. 

Koeser, A., Hauer, R., Norris, K.,  Krouse, R. 2013. Factors influencing long-

term street tree survival in Milwaukee, WI, USA. Urban Forestry & Urban 

Greening, 12(4), 562-568. 

Konijnendijk, C. C., Ricard, R. M., Kenney, A., Randrup, T. B. 2006. Defining 

urban forestry–A comparative perspective of North America and Europe. 

Urban Forestry & Urban Greening, 4(3), 93-103. 

Kozlowski, T.T. 1985a. Soil aeration, flooding, and tree growth. Journal of 

Arboriculture 11(3), 85-96. 

Kozlowski, T. T. 1985b. Tree growth in response to environmental stresses. 

Journal of Arboriculture 11, 97-111. 

Kozlowski, T. T. 1986. Soil aeration and growth of forest trees (review 

article). Scandinavian Journal of Forest Research, 1(1-4), 113-123. 

Kozlowski, T. T., Davies, W.J. 1975. Control of water loss in shade trees. 

Journal of Arboriculture 1, 81-90. 



���

�

Kreuzwieser, J., Rennenberg, H. 2014. Molecular and physiological 

responses of trees to waterlogging stress. Plant, Cell & Environment, 

37(10), 2245-2259. 

Krieter, M., & Malkus, A. 2000. Effects of soil physical and chemical 

properties on tree growth in urban areas. Mitteilungen-biologischen 

bundesandtalt fur land und forstwirtschaft, 370, 138-154. 

Kristoffersen, P. 1999. Growing trees in road foundation materials. 

Arboricultural Journal, 23, 57-76. 

Kristoffersen, P. 1998. Designing urban pavement sub-bases to support trees. 

Journal of Arboriculture, 24, 121-126. 

Krizek, D. T., Dubik, P. 1987. Influence of water stress and restricted root 

volume on growth and development of urban trees. Journal of 

Arboriculture, 13: 47-55. 

Kroll, F., Müller, F., Haase, D., Fohrer, N. 2012. Rural–urban gradient 

analysis of ecosystem services supply and demand dynamics. Land Use 

Policy, 29(3), 521-535. 

La Sorte, F. A., McKinney, M. L.,  Pysek, P. 2007. Compositional similarity 

among urban floras within and across continents: biogeographical 

consequences of human�mediated biotic interchange. Global Change 

Biology, 13(4), 913-921. 

Lacointe, A. 2000. Carbon allocation among tree organs: a review of basic 

processes and representation in functional-structural tree models. Annals 

of Forest Science, 57(5), 521-533. 

Lal, R. 2004. Soil carbon sequestration impacts on global climate change and 

food security. Science, 304(5677), 1623-1627. 

Lamppu, J.,  Huttunen, S. 2001. Scots pine needle longevity and gradation of 

needle shedding along pollution gradients. Canadian Journal of Forest 

Research, 31(2), 261-267. 

Larsen, F.K., Kristoffersen, P., 2002. Tilia’s physical dimensions over time. 

Journal of Arboriculture, 28, 209-214. 

Launiainen, S., Rinne, J., Pumpanen, J., Kulmala, L., Kolari, P., … Vesala, T. 

2005. Eddy covariance measurements of CO2 and sensible and latent heat 

fluxes during a full year in a boreal pine forest trunk-space. Boreal 

Environmental Research 10, 569–588. 

Layman, R. M., Day, S. D., Mitchell, D. K., Chen, Y., Harris, J. R., Daniels, W. 

L. 2016. Below ground matters: Urban soil rehabilitation increases tree 

canopy and speeds establishment. Urban Forestry & Urban Greening, 16, 

25-35. 

Le Dantec, V., Dufrêne, E., Saugier, B. 2000. Interannual and spatial 

variation in maximum leaf area index of temperate deciduous stands. 

Forest Ecology and Management, 134(1), 71-81. 

Lehtonen, A., Heikkinen, J. 2015. Uncertainty of upland soil carbon sink 

estimate for Finland 1. Canadian Journal of Forest Research, 45(999), 1-

13. 

Leppälammi-Kujansuu, J. 2014. Norway spruce fine root dynamics and 

carbon input into soil in relation to environmental factors. Dissertationes 

Forestales, 183. 70 p. 

Leppälammi-Kujansuu, J., Salemaa, M., Kleja, D.B., Linder, S. Helmisaari, 

H-S. 2014. Fine root turnover and litter production of Norway spruce in a 

longterm temperature and nutrient manipulation experiment. Plant and 

Soil 374, 73-88. 



���

�

Leuschner, C., Hertel, D., Schmid, I., Koch, O., Muhs, A., Hölscher, D. 2004. 

Stand fine root biomass and fine root morphology in old-growth beech 

forests as a function of precipitation and soil fertility. Plant and Soil, 

258(1), 43-56. 

Levin, I.,  Assaf, R. 1973. Deciduous fruit trees. In: Yaron, BE Danfors, and Y. 

Vaadia (Eds.). Arid Zone Irrigation. Springer-Verlag, New York, NY, pp. 

404-409. 

Levinsson, A. 2013. Post-transplant shoot growth of trees from five different 

production methods is affected by site and species. Arboriculture and 

Urban Forestry, 39(5), 201-210. 

Levitt, D. G., Simpson, J. R., Tipton, J. L. 1995. Water use of two landscape 

tree species in Tucson, Arizona. Journal of the American Society for 

Horticultural Science, 120(3), 409-416. 

Li, C., Gong, X. Z., Cui, S. P., Wang, Z. H., Zheng, Y., Chi, B. C. 2011. CO2 

emissions due to cement manufacture. Materials Science Forum, 685, 

181-187. 

Lindén, L. 2000. Taajamapuukyselyn tuloksista (In Finnish). 

Viherympäristö, 1/2000, 44-45. 

Lindner, M., Fitzgerald, J. B., Zimmermann, N. E., Reyer, C., Delzon, S.,... 

Suckow, F. 2014. Climate change and European forests: What do we 

know, what are the uncertainties, and what are the implications for forest 

management?. Journal of Environmental Management, 146, 69-83. 

Lindsey, P. 1990. Differences in water use rates between four woody tree 

species. Masters Thesis. Cornell University, Ithaca, NY. 

Lindsey, P., Bassuk, N. 1991. Specifying soil volumes to meet the water needs 

of mature urban street trees and trees in containers. Journal of 

Arboriculture, 17, 141-148. 

Lindsey, P.,  Bassuk, N. 1992. Redesigning the urban forest from the ground 

below: A new approach to specifying adequate soil volumes for street 

trees. Arboricultural Journal, 16(1), 25-39. 

Liski, J., Lehtonen, A., Palosuo, T., Peltoniemi, M., Eggers, T., … Mäkipää, R. 

2006. Carbon accumulation in Finland's forests 1922–2004–an estimate 

obtained by combination of forest inventory data with modelling of 

biomass, litter and soil. Annals of Forest Science, 63(7), 687-697. 

Litton, C. M., Raich, J. W., Ryan, M. G. 2007. Carbon allocation in forest 

ecosystems. Global Change Biology, 13(10), 2089-2109. 

Litvak, E., McCarthy, H.R., Pataki, D.E. 2011 Water relations of coast 

redwood planted in the semi-arid climate of southern California. Plant, 

Cell and Environment 34, 1384–1400. 

Livesley, S. J., Dougherty, B. J., Smith, A. J., Navaud, D., Wylie, L. J., Arndt, 

S. K. 2010. Soil-atmosphere exchange of carbon dioxide, methane and 

nitrous oxide in urban garden systems: impact of irrigation, fertiliser and 

mulch. Urban Ecosystems, 13(3), 273-293. 

Loh, F. C., Grabosky, J. C., Bassuk, N. L. 2003. Growth response of Ficus 

benjamina to limited soil volume and soil dilution in a skeletal soil 

container study. Urban Forestry & Urban Greening, 2(1), 53-62. 

Longcore, T., Li, C., Wilson, J. P. 2004. Applicability of CITYgreen urban 

ecosystem analysis software to a densely built urban neighborhood. 

Urban Geography, 25(2), 173-186. 

Lopes, A., Oliveira, S., Fragoso, M., Andrade, J. A., Pedro, P. 2009. Wind risk 

assessment in urban environments: the case of falling trees during 



���

�

windstorm events in Lisbon. In: Střelcova, K., Škvarenina, J, Blaženec, M. 

(Eds.). Bioclimatology and natural hazards. pp. 55-74.  

Lorenz, K., Kandeler, E. 2005. Biochemical characterization of urban soil 

profiles from Stuttgart, Germany. Soil Biology and Biochemistry, 37(7), 

1373-1385. 

Lorenz, K., Lal, R. 2009. Biogeochemical C and N cycles in urban soils. 

Environment International, 35(1), 1-8. 

Lu, P., Yunusa, I. A., Walker, R. R., Müller, W. J. 2003. Regulation of canopy 

conductance and transpiration and their modelling in irrigated 

grapevines. Functional Plant Biology, 30(6), 689-698. 

Lyytimäki, J., Sipilä, M. 2009. Hopping on one leg–The challenge of 

ecosystem disservices for urban green management. Urban Forestry & 

Urban Greening, 8(4), 309-315. 

MacDonald, J. D., Costello, L. R., Lichter, J. M., Quickert, D. 2004. Fill soil 

effects on soil aeration and tree growth. Journal of Arboriculture, 30(1), 

19-27. 

Manios, T. 2004. The composting potential of different organic solid wastes: 

experience from the island of Crete. Environment International, 29(8), 

1079-1089. 

Marron, N., Dreyer, E., Boudouresque, E., Delay, D., Petit, J. M., … 

Brignolas, F. 2003. Impact of successive drought and re-watering cycles 

on growth and specific leaf area of two Populus × canadensis (Moench) 

clones,‘Dorskamp’and ‘Luisa Avanzo’. Tree Physiology, 23(18), 1225-1235. 

Matteo, M., Randhir, T., Bloniarz, D. 2006. Watershed-scale impacts of 

forest buffers on water quality and runoff in urbanizing environment. 

Journal of Water Resources Planning and Management, 132(3), 144-152. 

McCarthy, H.R., Pataki, D.E. 2010. Drivers of variability in water use of 

native and non-native urban trees in the greater Los Angeles area. Urban 

Ecosystems, 13, 393-414. 

McKay, H. M. 1997. A review of the effect of stresses between lifting and 

planting on nursery stock quality and performance. New Forests, 13(1-3), 

369-399. 

McLaughlin, J. 2012. NYC Bioswales Pilot Project Improves Stormwater 

Management. Clear Waters, 20-23. 

McPherson, E.G. 1992. Accounting for benefits and costs of urban 

greenspace. Landscape and Urban Planning 22, 41–51. 

McPherson, E. G. 2000. Expenditures associated with conflicts between 

street tree root growth and hardscape in California, United States. 

Journal of Arboriculture, 26(6), 289-297. 

McPherson, E. G. 2007. Benefit-based tree valuation. Arboriculture & Urban 

Forestry, 33, 1-11. 

McPherson, E. G. 2010. Selecting reference cities for i-Tree Streets. 

Arboriculture & Urban Forestry, 36(5), 230-240. 

McPherson, E. G., Kendall, A., Albers, S. 2015. Life cycle assessment of 

carbon dioxide for different arboricultural practices in Los Angeles, CA. 

Urban Forestry & Urban Greening, 14(2), 388-397. 

McPherson, G. E., Nowak, D. J., Rowntree, R. A. 1994. Chicago's urban forest 

ecosystem: results of the Chicago Urban Forest Climate Project. USDA 

Forest service, Northeastern Forest Experiment Station, general technical 

report NE-186. 201 p. 



���

�

McPherson, E. G., Simpson, J. R. 2002. A comparison of municipal forest 

benefits and costs in Modesto and Santa Monica, California, USA. Urban 

Forestry & Urban Greening, 1(2), 61-74. 

McPherson, E. G., Simpson, J. R. 2003. Potential energy savings in buildings 

by an urban tree planting programme in California. Urban Forestry & 

Urban Greening, 2(2), 73-86. 

McPherson, G., Simpson, J. R., Peper, P. J., Maco, S. E., Xiao, Q. 2005. 

Municipal forest benefits and costs in five US cities. Journal of Forestry, 

103(8), 411-416. 

McPherson, E. G., Simpson, J. R., Xiao, Q., Wu, C. 2008. Los Angeles 1-

million tree canopy cover assessment. USDA, Forest Service, Pacific 

Southwest Research Station. 53 p. 

Meier, I. C., Leuschner, C. 2008. Belowground drought response of European 

beech: fine root biomass and carbon partitioning in 14 mature stands 

across a precipitation gradient. Global Change Biology, 14(9), 2081-2095. 

Meinzer, F. C. 2003. Functional convergence in plant responses to the 

environment. Oecologia, 134(1), 1-11. 

Meinzer, F. C., James, S. A., Goldstein, G.,  Woodruff, D. 2003. Whole�tree 

water transport scales with sapwood capacitance in tropical forest canopy 

trees. Plant, Cell & Environment, 26(7), 1147-1155. 

Messenger, S. 1986. Alkaline runoff, soil pH and white oak manganese 

deficiency. Tree Physiology 2, 317-325. 

Miettinen, L. 1933. Tutkimuksia harmaalepiköiden kasvusta (In Finnish). 

Metsätieteellisen tutkimuslaitoksen julkaisuja 18. 100 p. 

Millennium Assessment 2003. Millennium Ecosystem Assessment, 

Ecosystems and Human Well-being: A Framework for Assessment (Island 

Press, Washington DC, 2003), pp. 1–25. 

Miyajima, S., Uoi, N., Murata, T., Takeda, M., Morishima, W., Watanabe, M. 

2015. Effect of structural modification on heat transfer through man-

made soils in urban green areas. Soil Science and Plant Nutrition, 

61(sup1), 70-87. 

Miyamoto, S. 1983. Consumptive water use of irrigated pecans. Journal of 

the American Society for Horticultural Science, 108(5), 676-681. 

Moll, C.W. 1989. The state of our urban forest. American Forests, 95, 61–64. 

Montague, T.,  Kjelgren, R. 2004. Energy balance of six common landscape 

surfaces and the influence of surface properties on gas exchange of four 

containerized tree species. Scientia Horticulturae, 100(1), 229-249. 

Monteith, J.L. 1965. Evaporation and Environment. Symposia of the Society 

for Experimental Biology Journal, 19, 205-224. 

Mooney, H. A., Ehrlich, P. R. 1997. Ecosystem services: a fragmentary 

history. In: Nature's Services: societal dependence on natural ecosystems. 

Ed. Daily, G.C. Island Press, Washington DC. pp. 11-19. 

Morgan, J., Cannell, M. G. R. 1988. Support costs of different branch 

designs: effects of position, number, angle and deflection of laterals. Tree 

Physiology, 4(4), 303-313. 

Morgenroth, J., Buchan, G. D. 2009. Soil moisture and aeration beneath 

pervious and impervious pavements. Journal of Arboriculture, 35(3), 135-

141. 

Morgenroth, J., Santos, B., Cadwallader, B. 2015. Conflicts between 

landscape trees and lawn maintenance equipment–The first look at an 

urban epidemic. Urban Forestry & Urban Greening, 14(4), 1054-1058. 



���

�

Morgenroth, J., Visser, R. 2011.  Aboveground growth response of Platanus 

orientalis to porous pavements. Arboriculture and Urban Forestry, 37(1), 

1-5. 

Morita, M. 2008. Flood risk analysis for determining optimal flood 

protection levels in urban river management. Journal of Flood Risk 

Management, 1(3), 142-149. 

Muis, S., Güneralp, B., Jongman, B., Aerts, J. C., Ward, P. J. 2015. Flood risk 

and adaptation strategies under climate change and urban expansion: A 

probabilistic analysis using global data. Science of The Total 

Environment, 538, 445-457. 

Mullaney, J., Lucke, T., Trueman, S. J. 2015. A review of benefits and 

challenges in growing street trees in paved urban environments. 

Landscape and Urban Planning, 134, 157-166. 

Müller, N., Kuttler, W.,  Barlag, A. B. 2014. Analysis of the subsurface urban 

heat island in Oberhausen, Germany. Climate Research, 58(3), 247-256. 

Mustiala, V. 2003. Helsingin lehmukset : Pohjoiset taajamapuut -

tutkimuksen osaraportti (in Finnish). Helsingin kaupungin 

rakennusviraston julkaisuja 2003:5. 66 p. 

Muukkonen, P., Lehtonen, A. 2004. Needle and branch biomass turnover 

rates of Norway spruce (Picea abies). Canadian Journal of Forest 

Research, 34(12), 2517-2527. 

Muzylo, A., Llorens, P., Valente, F., Keizer, J. J., Domingo, F., Gash, J. H. C. 

2009. A review of rainfall interception modelling. Journal of hydrology, 

370(1), 191-206. 

Mäkelä, A. 1997. A carbon balance model of growth and self-pruning in trees 

based on structural relationships. Forest Science, 43(1), 7-24. 

Mäkelä, A. 1999. Acclimation in dynamic models based on structural 

relationships. Functional Ecology, 13(2), 145-156. 

Mäkelä, A. 2002. Derivation of stem taper from the pipe theory in a carbon 

balance framework. Tree Physiology, 22(13), 891-905.  

Mäkelä, A., Vanninen, P. 1998. Impacts of size and competition on tree form 

and distribution of aboveground biomass in Scots pine. Canadian Journal 

of Forest Research, 28(2), 216-227. 

Nadelhoffer, K. J., Aber, J. D., Melillo, J. M. 1985. Fine roots, net primary 

production, and soil nitrogen availability: a new hypothesis. Ecology, 

66(4), 1377-1390. 

Neal, B. A., & Whitlow, T. H. 1997. Using tree growth rates to evaluate urban 

tree planting specifications. Journal of Environmental Horticulture 15, 

115-118. 

Ngao, J., Colin, J., Ameglio, T., Saudreau, M., Kastendech, P., ..G. Najjar. 

2015. Temporal variations of transpiration and latent heat fluxes from 

isolated linden crowns and lawns in a park at Strasbourg, France. ICUC9 - 

9th International Conference on Urban Climate jointly with 12th 

Symposium on the Urban Environment. 

Nicoll, B. C., Armstrong, A. 1998. Development of Prunus root systems in a 

city street: Pavement damage and root architecture. Arboricultural 

Journal, 22(3), 259-270. 

Nielsen, C. N., Bühler, O., Kristoffersen, P. 2007. Soil water dynamics and 

growth of street and park trees. Arboriculture and Urban Forestry, 33, 

213-245. 

Nikinmaa, E. 1992. Analyses of the growth of Scots pine: matching structure 

with function. Acta Forestalia Fennica 235. 68 p. 



���

�

Nikinmaa, E., Goulet, J., Messier, C., Sievänen, R., Perttunen, J., Lehtonen, 

M. 2003. Shoot growth and crown development: the effect of crown 

position in 3D simulations. Tree Physiology 23, 129-136. 

Nikinmaa, E., Hölttä, T., Hari, P., Kolari, P., Mäkelä, A., …Vesala, T. 2013. 

Assimilate transport in phloem sets conditions for leaf gas exchange. 

Plant, Cell and Environment, 36, 655-669. 

Nikula, S., Vapaavuori, E., Manninen, S. 2010. Urbanization-related changes 

in European aspen (Populus tremula L.): Leaf traits and litter 

decomposition. Environmental Pollution, 158, 2132-2142. 

Nordbo, A., Karsisto, P., Matikainen, L., Wood, C. R., Järvi, L. 2015. Urban 

surface cover determined with airborne lidar at 2m resolution–

Implications for surface energy balance modelling. Urban Climate, 13, 52-

72. 

Nowak, D. J. 1996. Notes: estimating leaf area and leaf biomass of open-

grown deciduous urban trees. Forest Science, 42(4), 504-507. 

Nowak, D. J., Crane, D. E. 2002. Carbon storage and sequestration by urban 

trees in the USA. Environmental Pollution, 116(3), 381-389. 

Nowak, D. J., Crane, D. E., Stevens, J. C. 2006. Air pollution removal by 

urban trees and shrubs in the United States. Urban Forestry & Urban 

Greening, 4(3), 115-123. 

Nowak, D. J., Crane, D. E., Stevens, J. C., Hoehn, R. E., Walton, J. T., & 

Bond, J. 2008. A ground-based method of assessing urban forest 

structure and ecosystem services. Arboriculture  & Urban Forestry 34: 

347-358. 

Nowak, D. J., Crane, D. E., Walton, J. T., Twardus, D. B., Dwyer, J. F. 2002. 

Understanding and quantifying urban forest structure, functions, and 

value. In: Kenney, W.A., McKay, J., van Wassaneaer, P. (Eds.), 

Proceedings of the Fifth Canadian Urban Forest Conference; 2002 

October 7–9; Markham, Ontario. Ontario Urban Forest Council, Region 

of York, Ontario, pp. 27/1–27/9. 

Nowak, D. J., Kuroda, M., Crane, D. E. 2004. Tree mortality rates and tree 

population projections in Baltimore, Maryland, USA. Urban Forestry & 

Urban Greening, 2(3), 139-147. 

Nowak, D. J., Rowntree, R. A., McPherson, E. G., Sisinni, S. M., Kerkmann, 

E. R., Stevens, J. C. 1996. Measuring and analyzing urban tree cover. 

Landscape and Urban Planning, 36(1), 49-57. 

Nygren, P., Rebottaro, S., Chavarria, R. 1993. Application of the pipe model 

theory to non-destructive estimation of leaf biomass and leaf area of 

pruned agroforestry trees. Agroforestry Systems, 23(1), 63-77. 

Oades, J. M. 1988. The retention of organic matter in soils. Biogeochemistry, 

5(1), 35-70. 

Oishi, C., Oren, R., Stoy, P. 2008. Estimating components of forest 

evapotranspiration: A footprint approach for scaling sap flux 

measurements. Agricultural and Forest Meteorology, 148, 1719-1732. 

Oke, T. R. 1982. The energetic basis of the urban heat island. Quarterly 

Journal of the Royal Meteorological Society, 108(455), 1-24. 

Oke, T.R. 1987. Boundary layer climates, 2nd edition. London, Routledge. 

464 p. 

Olson, J.S. 1963. Energy storage and the balance of producers and 

decomposers in ecological systems. Ecology, 44, 322-331. 

Park, S. J., Cheng, Z., Yang, H., Morris, E. E., Sutherland, M., Gardener, B. B. 

M., Grewal, P. S. 2010. Differences in soil chemical properties with 



���

�

distance to roads and age of development in urban areas. Urban 

Ecosystems, 13(4), 483-497. 

Pataki, D. E., Alig, R. J., Fung, A. S., Golubiewski, N. E., Kennedy, C. A.,.... 

Romero Lankao, P. 2006. Urban ecosystems and the North American 

carbon cycle. Global Change Biology, 12(11), 2092-2102. 

Pataki, D. E., Carreiro, M. M., Cherrier, J., Grulke, N. E., Jennings, ... 

Zipperer, W. C. 2011. Coupling biogeochemical cycles in urban 

environments: ecosystem services, green solutions, and misconceptions. 

Frontiers in Ecology and the Environment, 9(1), 27-36. 

Patterson, J.C. 1977. Soil compaction – effects on urban vegetation. Journal 

of Arboriculture, 3, 161-167. 

Pauleit, S., Duhme, F. 2000. Assessing the environmental performance of 

land cover types for urban planning. Landscape and Urban Planning, 

52(1), 1-20. 

Pauleit, S., Jones, N., Garcia-Martin, G., Garcia-Valdecantos, J. L., Rivière, L. 

M., ... Randrup, T. B. 2002. Tree establishment practice in towns and 

cities–Results from a European survey. Urban Forestry & Urban 

Greening, 1(2), 83-96. 

Pavao-Zuckerman, M. A., Coleman, D. C. 2005. Decomposition of chestnut 

oak (Quercus prinus) leaves and nitrogen mineralization in an urban 

environment. Biology and Fertility of Soils, 41(5), 343-349. 

Peng, L., Chen, S., Liu, Y., Wang, J. 2008. Application of CITYgreen model in 

benefit assessment of Nanjing urban green space in carbon fixation and 

runoff reduction. Frontiers of forestry in China, 3(2), 177-182. 

Penman, H.L. 1948. Natural evaporation from open water, bare soil and 

grass. Proceedings of the Royal Society London Aer A, 193, 120-145. 

Pensa, M., Jalkanen, R.,  Liblik, V. 2007. Variation in Scots pine needle 

longevity and nutrient conservation in different habitats and latitudes. 

Canadian Journal of Forest Research, 37(9), 1599-1604. 

Peper, P. J., Alzate, C. P., McNeil, J. W.,  Hashemi, J. 2014. Allometric 

equations for urban ash trees (Fraxinus spp.) in Oakville, Southern 

Ontario, Canada. Urban Forestry & Urban Greening, 13(1), 175-183. 

Percival, G. C., Keary, I. P.,  Sulaiman, A. H. 2006. An assessment of the 

drought tolerance of Fraxinus genotypes for urban landscape plantings. 

Urban Forestry & Urban Greening, 5(1), 17-27. 

Pereira, A. R., Green, S.,  Nova, N. A. V. 2006. Penman–Monteith reference 

evapotranspiration adapted to estimate irrigated tree transpiration. 

Agricultural Water Management, 83(1), 153-161. 

Perruchould, D., Joos, F., Fischlin, A., Hajdas, I., Bonani, G. 1999. Evaluating 

timescales of carbon turnover in temperate forest soils with radiocarbon 

data. Global Biogeochemical Cycles, 13, 555-573. 

Perry, T. O. 1982. The ecology of tree roots and the practical significance 

thereof. Journal of Arboriculture, 8, 197-211.  

Perry, T.,  Nawaz, R. 2008. An investigation into the extent and impacts of 

hard surfacing of domestic gardens in an area of Leeds, United Kingdom. 

Landscape and Urban Planning, 86(1), 1-13. 

Perämäki, M., Nikinmaa, E., Sevanto, S., Ilvesniemi, H., Siivola, E., … Vesala, 

T. 2001. Tree stem diameter variations and transpiration in Scots pine: an 

analysis using a dynamic sap flow model. Tree Physiology, 21(12-13), 889-

897. 



�		�

�

Perämäki, M., Vesala, T.,  Nikinmaa, E. 2005. Modeling the dynamics of 

pressure propagation and diameter variation in tree sapwood. Tree 

Physiology, 25(9), 1091-1099. 

Peters, E.B., McFadden, J.P., Montgomery, R.A. 2010 Biological and 

environmental controls on tree transpiration in a suburban landscape. 

Journal of Geophysical Research: Biogeosciences , 115(G4). 

doi:10.1029/2009JG001266 

Peurasuo, P., Saarikko, J., Tegel, S.,  Terho, M., Ylikotila, T. 2014. 

Rakennusviraston kaupunkipuuselvitys: Taustaselvitys ja nykytilan 

kuvaus (In Finnish). Helsingin kaupungin rakennusviraston julkaisut, 

2014, 4. 95 p.  

Phillips, N. G., Ryan, M. G., Bond, B. J., McDowell, N. G., Hinckley, T. M., 

Čermák, J. 2003. Reliance on stored water increases with tree size in 

three species in the Pacific Northwest. Tree Physiology, 23(4), 237-245. 

Phillips, N. G., Scholz, F. G., Bucci, S. J., Goldstein, G.,  Meinzer, F. C. 2009. 

Using branch and basal trunk sap flow measurements to estimate whole-

plant water capacitance: comment on Burgess and Dawson (2008). Plant 

and Soil, 315(1-2), 315-324. 

Pickett, S. T.,  Cadenasso, M. L. 2009. Altered resources, disturbance, and 

heterogeneity: a framework for comparing urban and non-urban soils. 

Urban Ecosystems, 12(1), 23-44. 

Pincetl, S. 2010. Implementing municipal tree planting: Los Angeles million-

tree initiative. Environmental Management, 45(2), 227-238. 

Pincetl, S., Gillespie, T., Pataki, D. E., Saatchi, S.,  Saphores, J. D. 2013. 

Urban tree planting programs, function or fashion? Los Angeles and 

urban tree planting campaigns. GeoJournal, 78(3), 475-493. 

Pirinen, P., Simola, H., Aalto, J., Kaukoranta, J.-P., Karlsson, P.  Ruuhela, R. 

2012. Tilastoja Suomen ilmastosta 1981-2010 (in Finnish). Ilmatieteen 

laitos, Raportteja 2012, 1. 83 p. 

Pohls, O., Bailey, N. G., May, P. B. 2002. Study of root invasion of sewer 

pipes and potential ameliorative techniques. In International Conference 

on Urban Horticulture 643, pp. 113-121. 

Pollard, D. F. W., Logan, K. T. 1974. The role of free growth in the 

differentiation of provenances of black spruce Picea mariana (Mill.) BSP. 

Canadian Journal of Forest Research, 4(3), 308-311. 

Pollard, D. F. W.,  Logan, K. T. 1976. Inherent variation in" free" growth in 

relation to numbers of needles produced by provenances of Picea 

mariana. In Tree Physiology and Yield Improvement. Eds. M.G.R. 

Cannell and K. T. Logan. Academic Press, London, pp. 245-251.  

Poorter, H., Niklas, K. J., Reich, P. B., Oleksyn, J., Poot, P.,  Mommer, L. 

2012. Biomass allocation to leaves, stems and roots: meta�analyses of 

interspecific variation and environmental control. New Phytologist, 

193(1), 30-50. 

Pouyat, R.V., Carreiro, M.M. 2003. Controls on mass loss and nitrogen 

dynamics of oak leaf litter along an urban-rural land-use gradient. 

Oecologia, 135, 288-298. 

Pouyat, R., Groffman, P., Yesilonis, I.,  Hernandez, L. 2002. Soil carbon pools 

and fluxes in urban ecosystems. Environmental Pollution, 116, S107-S118. 

Pouyat, R.V., McDonnell, M.J., Pickett, S.T. 1997. Litter decomposition and 

nitrogen mineralization in oak stands along an urban-rural land use 

gradient. Urban Ecosystems 1, 117-131. 



�	��

�

 Pouyat, R. V., Yesilonis, I. D.,  Nowak, D. J. 2006. Carbon storage by urban 

soils in the United States. Journal of Environmental Quality, 35(4), 1566-

1575. 

Prasad, M., Maher, M.J. 2003. Stability of peat alternatives and use of 

moderately decomposed peat as a structure builder in growing media. In: 

South Pacific Soilless Culture Conference-SPSCC 648, pp. 145-151. 

Prasad, M., O'Shea, J. 1997. Relative breakdown of peat and non-peat 

growing media. In: International Symposium on Growing Media and 

Hydroponics, 481, pp. 121-128. 

Pregitzer, K. S.,  Euskirchen, E. S. 2004. Carbon cycling and storage in world 

forests: biome patterns related to forest age. Global Change Biology, 

10(12), 2052-2077. 

Pregitzer, K. S., King, J. S., Burton, A. J.,  Brown, S. E. 2000. Responses of 

tree fine roots to temperature. New Phytologist, 147(1), 105-115. 

Punttila, E. 2014. Cost-benefit analysis of municipal water protection 

measures. Environmental benefits versus costs of implementation. 

Publications by City of Helsinki Environment Centre, 21/2014. 111 p. 

Raciti, S. M., Hutyra, L. R.,  Finzi, A. C. 2012a. Depleted soil carbon and 

nitrogen pools beneath impervious surfaces. Environmental Pollution, 

164, 248-251. 

Raciti, S. M., Hutyra, L. R., Rao, P.,  Finzi, A. C. 2012b. Inconsistent 

definitions of “urban” result in different conclusions about the size of 

urban carbon and nitrogen stocks. Ecological Applications, 22(3), 1015-

1035. 

Rakennustietosäätiö RTS, 2010. InfraRYL 2010, infrarakentamisen yleiset 

laatuvaatimukset 2010. Osa 1, Väylät ja alueet (in Finnish). Helsinki: 

Rakennustieto, 2010. 

Randrup, T. 1997. Soil compaction on construction sites. Journal of 

Arboriculture, 23, 207-210.  

Randrup, T. 2000. Occurrence of tree roots in Danish municipal sewer 

systems. Arboricultural Journal, 24(4), 283-306. 

Randrup, T. B., McPherson, E. G., Costello, L. R. 2001.  A review of tree root 

conflicts with sidewalks, curbs, and roads. Urban Ecosystems, 5(3), 209-

225. 

Rauch, W., Seggelke, K., Brown, R., Krebs, P. 2005. Integrated approaches in 

urban storm drainage: where do we stand?. Environmental Management, 

35(4), 396-409. 

Raupp, M. J., Cumming, A. B., Raupp, E. C. 2006. Street tree diversity in 

eastern North America and its potential for tree loss to exotic borers. 

Arboriculture and Urban Forestry, 32(6), 297. 

Reeves, D. W. 1997. The role of soil organic matter in maintaining soil quality 

in continuous cropping systems. Soil and Tillage Research, 43, 131-167. 

Richardson, A. D., Hollinger, D. Y., Aber, J. D., Ollinger, S. V., Braswell, B. H. 

2007. Environmental variation is directly responsible for short�but not 

long�term variation in forest�atmosphere carbon exchange. Global Change 

Biology, 13(4), 788-803. 

Richardson-Calfee, L. E., Harris, J. R.,  Fanelli, J. K. 2004. Seasonal effects of 

transplanting on northern red oak and willow oak. Journal of 

Environmental Horticulture, 22(2), 75-79. 

Rietveld, W. J. 1989. Transplanting stress in bareroot conifer seedlings: its 

development and progression to establishment. Northern Journal of 

Applied Forestry, 6(3), 99-107. 



�	
�

�

Rigby, H., Clarke, B. O., Pritchard, D. L., Meehan, B., Beshah, F., Smith, S. 

R., Porter, N. A. 2016. A critical review of nitrogen mineralization in 

biosolids-amended soil, the associated fertilizer value for crop production 

and potential for emissions to the environment. Science of the Total 

Environment, 541, 1310-1338. 

Riikonen, A. 1990. Rautainen ratkaisu katuongelmiin (In Finnish). 

Ammattilehti Puutarha, 93, 199-201.  

Roberts, B. R. 1977. The response of urban trees to abiotic stress. Journal of 

Arboriculture, 3, 75-78. 

Rodríguez-Labajos, B., Martínez-Alier, J. 2013. The economics of ecosystems 

and biodiversity: recent instances for debate. Conservation and Society, 

11(4), 326. 

Rolf, K. 1994. Skelettjord – ny planteringsjord (In Swedish). Trädbladet 

2/1994, Svenska Trädföreningen. 

Rolf, K., Stål, O. 1994. Tree roots in sewer systems in Malmo, Sweden. 

Journal of Arboriculture, 20, 329-329. 

Roman, L. A., Scatena, F. N. 2011. Street tree survival rates: Meta-analysis of 

previous studies and application to a field survey in Philadelphia, PA, 

USA. Urban Forestry & Urban Greening, 10(4), 269-274. 

Rowntree, R.A., Nowak, D.J. 1991. Quantifying the role of urban forests in 

removing atmospheric carbon dioxide. Journal of Arboriculture, 17 (10), 

269–275. 

Roy, S., Byrne, J., Pickering, C. 2012. A systematic quantitative review of 

urban tree benefits, costs, and assessment methods across cities in 

different climatic zones. Urban Forestry & Urban Greening, 11(4), 351-

363. 

Ruark, G. A., Mader, D.L., Veneman, P. L. M., Tattar, T.A. 1983. Soil factors 

related to urban sugar maple decline. Journal of Arboriculture, 9, 1-6. 

Sanders, J. R.,  Grabosky, J. C. 2014. 20 years later: Does reduced soil area 

change overall tree growth?. Urban Forestry & Urban Greening, 13(2), 

295-303. 

Sanders, J., Grabosky, J., Cowie, P. 2013. Establishing maximum size 

expectations for urban trees with regard to designed space. Arboriculture 

& Urban Forestry, 39, 68-73. 

Sattler, D. F.,  Comeau, P. G. 2015. Crown allometry and application of the 

pipe model theory to white spruce (Picea glauca (Moench) Voss) and 

aspen (Populus tremuloides Michx.) in the western boreal forest of 

Canada. Canadian Journal of Forest Research, 46, 262-273. 

Sauter, M. 2013. Root responses to flooding. Current Opinion in Plant 

Biology, 16(3), 282-286. 

Savva, Y., Szlavecz, K., Pouyat, R. V., Groffman, P. M., Heisler, G. 2010. 

Effects of land use and vegetation cover on soil temperature in an urban 

ecosystem. Soil Science Society of America Journal, 74(2), 469-480. 

Scalenghe, R., Marsan, F. A. 2009. The anthropogenic sealing of soils in 

urban areas. Landscape and Urban Planning, 90(1), 1-10. 

Scharenbroch, B.C. 2009. A meta-analysis of studies published in 

Arboriculture & Urban Forestry relating to organic materials and impacts 

on soil, tree, and environmental properties. Arboriculture & Urban 

Forestry, 35, 221-231. 

Scharenbroch, B. C., Catania, M. 2012. Soil quality attributes as indicators of 

urban tree performance. Arboriculture & Urban Forestry, 38, 214-228. 



�	��

�

Scharenbroch, B. C., Lloyd, J. E., Johnson-Maynard, J. L. 2005. 

Distinguishing urban soils with physical, chemical, and biological 

properties. Pedobiologia, 49(4), 283-296. 

Scharenbroch, B. C., Meza, E. N., Catania, M.,  Fite, K. 2013. Biochar and 

biosolids increase tree growth and improve soil quality for urban 

landscapes. Journal of Environmental Quality, 42(5), 1372-1385. 

Scharenbroch, B. C., Morgenroth, J., Maule, B. 2016. Tree species suitability 

to bioswales and impact on the urban water budget. Journal of 

Environmental Quality, 45(1), 199-206. 

Schlesinger, W. H. 1997. Biogeochemistry: An Analysis of Global Change, 

2nd edn. Academic Press, San Diego. 588 p. 

Schmilewski, G. 2008. The role of peat in assuring the quality of growing 

media. Mires and Peat, 3(2). 

Schober, R., 1987. Ertragstafeln wichtiger Baumarten bei verschiedener 

Durchforstung (In German). J.D. Dauerländer's Verlag, Frankfurt am 

Main, Germany, 166 p. 

Schönfield, P. 2004. Single stratum, humusless street tree substrates. Acta 

Horticulturae, 643, 139-151. 

Scott, R. L. 2010. Using watershed water balance to evaluate the accuracy of 

eddy covariance evaporation measurements for three semiarid 

ecosystems. Agricultural and Forest Meteorology, 150(2), 219-225. 

Semadeni-Davies, A. F.,  Bengtsson, L. 1999. The water balance of a sub-

Arctic town. Hydrological Processes, 13(12), 1871-1885. 

Setälä, H., Bardgett, R. D., Birkhofer, K., Brady, M., Byrne, L., ... Hotes, S. 

2014. Urban and agricultural soils: conflicts and trade-offs in the 

optimization of ecosystem services. Urban Ecosystems, 17(1), 239-253. 

Shinozaki, K., Yoda, K., Hozumi, K., Kira, T. 1964. A quantitative analysis of 

plant form-the pipe model theory: I. Basic analyses. Japanese Journal of 

Ecology, 14(3), 97-105. 

Shinozaki, K., Yoda, K., Hozumi, K., Kira, T. 1964. A quantitative analysis of 

plant form-the pipe model theory: II. Further evidence of the theory and 

its application in forest ecology. Japanese Journal of Ecology, 14(4), 133-

139 

Sicard, P., Augustaitis, A., Belyazid, S., Calfapietra, C., de Marco, A., ... 

Serengil, Y. 2016. Global topics and novel approaches in the study of air 

pollution, climate change and forest ecosystems. Environmental 

Pollution, 213, 977-987. 

Sievänen, R., Nikinmaa, E., Nygren, P., Ozier-Lafontaine, H., Perttunen, J., 

Hakula, H. 2000. Components of functional-structural tree models. 

Annals of Forest Science, 57(5), 399-412. 

Sjöman, H., Hirons, A. D., Bassuk, N. L. 2015. Urban forest resilience 

through tree selection—Variation in drought tolerance in Acer. Urban 

Forestry & Urban Greening, 14(4), 858-865. 

Sjöman, H., Östberg, J., Bühler, O. 2012. Diversity and distribution of the 

urban tree population in ten major Nordic cities. Urban Forestry & Urban 

Greening, 11(1), 31-39. 

Skiera, B., Moll, G. 1992. The sad state of city trees. American Forests, 

98(3/4), 61-64. 

Smiley, E.T, Baker, F.A. 1988. Options in street tree inventories. Journal of 

Arboriculture, 14, 36-42. 



�	��

�

Smiley, E.T., Calfee, L., Fraedrich, B.R., Smiley, E.J. 2006. Comparison of 

structural and noncompacted soils for trees surrounded by pavement. 

Arboriculture & Urban Forestry, 32, 164-169. 

Smith, D. I. 1994. Flood damage estimation- A review of urban stage-damage 

curves and loss functions. Water S. A., 20(3), 231-238. 

Smith, N. G., Dukes, J. S. 2013. Plant respiration and photosynthesis in 

global�scale models: incorporating acclimation to temperature and CO2. 

Global Change Biology, 19(1), 45-63. 

Smith, K. D., May, P. B., Moore, G. M. 2001. The influence of waterlogging 

on the establishment of four Australian landscape trees. Journal of 

Arboriculture, 27(2), 49-56. 

Soares, A. L., Rego, F. C., McPherson, E. G., Simpson, J. R., Peper, P. J., 

Xiao, Q. 2011. Benefits and costs of street trees in Lisbon, Portugal. Urban 

Forestry & Urban Greening, 10(2), 69-78. 

Solfjeld, I., Hansen, O. B. 2004. Post-transplant growth of five deciduous 

Nordic tree species as affected by transplanting date and root pruning. 

Urban Forestry & Urban Greening, 2(3), 129-137. 

Soudani, K., François, C., Le Maire, G., Le Dantec, V., Dufrêne, E. 2006. 

Comparative analysis of IKONOS, SPOT, and ETM+ data for leaf area 

index estimation in temperate coniferous and deciduous forest stands. 

Remote Sensing of Environment, 102(1), 161-175. 

Spangenberg, J. H., Settele, J. 2010. Precisely incorrect? Monetising the 

value of ecosystem services. Ecological Complexity, 7(3), 327-337. 

Spash, C. L. 2008. How much is that ecosystem in the window? The one with 

the bio-diverse trail. Environmental Values, 259-284. 

Spash, C. L., Vatn, A. 2006. Transferring environmental value estimates: 

Issues and alternatives. Ecological Economics, 60(2), 379-388. 

Starke, P., Wallmeyer, C., Rölver, S., Göbel, P., Coldewey, W.G. 2011. 

Development of a new laboratory evaporation measurement device as 

decision support for evaporation-optimized building. Building and 

Environment, 46(12), 2552-2561. 

Strohbach, M.W.,  Arnold, E., Haase, D. 2012. The carbon footprint of urban 

green space – A life cycle approach. Landscape and Urban Planning, 104, 

220-229. 

Strohbach, M.W., Haase, D., 2012. Above-ground carbon storage by urban 

trees in Leipzig, Germany: Analysis of patterns in a European city. 

Landscape and Urban Planning, 104, 95-104. 

Struve, D. K. 2009. Tree establishment: a review of some of the factors 

affecting transplant survival and establishment. Journal of Arboriculture, 

35(1), 10. 

Struve, D. K., Burchfield, L., Maupin, C. 2000. Survival and growth of 

transplanted large-and small-caliper red oaks. Journal of Arboriculture, 

26(3), 162-169. 

Sun, W.-Q. Bassuk, N.L. 1991. Approach to determine effective sampling size 

for urban street tree survey. Landscape and Urban Planning, 20, 277-283. 

Sydnor, T. D.,  Subburayalu, S. K. 2011. Should we consider expected 

environmental benefits when planting larger or smaller tree species. 

Arboriculture & Urban Forestry, 37(4), 167-172. 

Tanhuanpää, T., Vastaranta, M., Kankare, V., Holopainen, M., Hyyppä ...  

Raisio, J. 2014. Mapping of urban roadside trees–A case study in the tree 

register update process in Helsinki City. Urban Forestry & Urban 

Greening, 13(3), 562-570. 



�	��

�

Tatarinov, F. A., Kučera, J.,  Cienciala, E. 2005. The analysis of physical 

background of tree sap flow measurement based on thermal methods. 

Measurement Science and Technology, 16(5), 1157-1169. 

Tawegoum, R., Leroy, F., Sintes, G., Chassériaux, G. 2015. Forecasting hourly 

evapotranspiration for triggering irrigation in nurseries. Biosystems 

Engineering, 129, 237-247. 

Ter-Mikaelian, M.T., Korzukhin, M.D. 1997. Biomass equations for sixty-five 

North American tree species. Forest Ecology and Management, 97, 1-24 

Tomlinson, I., Potter, C., Bayliss, H. 2015. Managing tree pests and diseases 

in urban set-tings: the case of Oak Processionary Moth in London, 2006-

2012. Urban Forestry & Urban Greening, 14, 286-292. 

Tubby, K. V., Webber, J. F. 2010. Pests and diseases threatening urban trees 

under a changing climate. Forestry, 83(4), 451-459. 

Turunen, J., Tomppo, E., Tolonen, K., Reinikainen, A. 2002. Estimating 

carbon accumulation rates of undrained mires in Finland–application to 

boreal and subarctic regions. The Holocene, 12, 69-80. 

Tyree, M.T., Kolb, K.J., Rood, S.B., Patiño, S. 1994. Vulnerability to drought-

induced cavitation of riparian cottonwoods in Alberta: a possible factor in 

the decline of the ecosystem? Tree Physiology, 14, 455-466. 

Tyree, M.T., Snyderman, D.A., Wilmot, T.R., Machado, J. 1991. Water 

relations and hydraulic architecture of a tropical tree (Schefflera 

morototoni). Plant Physiology, 96, 1105-1113. 

Valtanen, M., Sillanpää, N., Setälä, H. 2014. Effects of land use intensity on 

stormwater runoff and its temporal occurrence in cold climates. 

Hydrological Processes, 28(4), 2639-2650. 

Van Zanten, M., Pons, T. L., Janssen, J. A. M., Voesenek, L. A. C. J.,  Peeters, 

A. J. M. 2010. On the relevance and control of leaf angle. Critical Reviews 

in Plant Science, 29(5), 300-316. 

Vanninen, P.,  Mäkelä, A. 1999. Fine root biomass of Scots pine stands 

differing in age and soil fertility in southern Finland. Tree physiology, 

19(12), 823-830.a 

Vasander, H., Kettunen, A. 2006. Carbon in boreal peatlands. In Boreal 

peatland ecosystems (pp. 165-194). Springer Berlin Heidelberg. 

Vergeynst, L. L., Vandegehuchte, M. W., McGuire, M. A., Teskey, R. O., 

Steppe, K. 2014. Changes in stem water content influence sap flux density 

measurements with thermal dissipation probes. Trees, 28(3), 949-955. 

Verma, M., Friedl, M. A., Law, B. E., Bonal, D., Kiely, G., ...  Toscano, P. 2015. 

Improving the performance of remote sensing models for capturing intra-

and inter-annual variations in daily GPP: An analysis using global 

FLUXNET tower data. Agricultural and Forest Meteorology, 214, 416-429. 

Vermeulen, M. H., Kruijt, B. J., Hickler, T.,  Kabat, P. 2015. Modelling short-

term variability in carbon and water exchange in a temperate Scots pine 

forest. Earth System Dynamics Discussions, 6(1), 267-315. 

Vesala, T., Järvi, L., Launiainen, S., Sogachev, A., Rannik, Ü. , … Nikinmaa, 

E. 2008. Surface-atmosphere interactions over complex urban terrain in 

Helsinki, Finland. Tellus 60B, 188-199. 

Viswanathan, B., Volder, A., Watson, W. T.,  Aitkenhead-Peterson, J. A. 2011. 

Impervious and pervious pavements increase soil CO2 concentrations and 

reduce root production of American sweetgum (Liquidambar 

styraciflua). Urban Forestry & Urban Greening, 10(2), 133-139. 



�	��

�

Valtioneuvoston asetus 179/2012 (VNA 179/12). Government decree on 

waste.  http://www.finlex.fi/en/laki/kaannokset/2012/20120179, 

retrieved 16.8.2016. 

Vogt, K. A., Vogt, D. J., Palmiotto, P. A., Boon, P., O'Hara, J.,  Asbjornsen, H. 

1995. Review of root dynamics in forest ecosystems grouped by climate, 

climatic forest type and species. Plant and Soil, 187(2), 159-219. 

Vrecenak, A. J. 1988. Shade tree transpiration and water use. Arboricultural 

Journal, 12(1), 77-81. 

Wall, A., Heiskanen, J. 2009. Soil–water content and air-filled porosity affect 

height growth of Scots pine in afforested arable land in Finland. Forest 

Ecology and Management, 257(8), 1751-1756. 

Wang, H., Ouyang, Z., Chen, W., Wang, X., Zheng, H., Ren, Y. 2011. Water, 

heat, and airborne pollutants effects on transpiration of urban trees. 

Environmental Pollution, 159(8), 2127-2137. 

Wang, H., Zhao, P., Hölscher, D., Wang, Q., Lu, P., … Zeng, X. P. 2012. 

Nighttime sap flow of Acacia mangium and its implications for nighttime 

transpiration and stem water storage. Journal of Plant Ecology, 5(3), 294-

304. 

Ware, G. H. 1994. Ecological bases for selecting urban trees. Journal of 

Arboriculture, 20, 98-98. 

Watson, G. W., Hewitt, A. M. 2012. The relationship between structural root 

depth and vigor of urban trees. Arboriculture and Urban Forestry, 38(1), 

13. 

Watson, G. W., Kelsey, P. 2006. The impact of soil compaction on soil 

aeration and fine root density of Quercus palustris. Urban Forestry & 

Urban Greening, 4(2), 69-74.  

Watson, G.W., Kupkowski, G., von der Heide-Spravka, K. G. 1993. Influence 

of backfill soil amendments on establishment of container-grown shrubs. 

HortTechnology, 3, 188-189. 

Watson, G.W., and Sydnor, T.D. 1987. The effect of root pruning on the root 

system of nursery trees. Journal of Arboriculture, 13, 126-130. 

Wei, Z., Wu, S., Yan, X.,  Zhou, S. 2014. Density and stability of soil organic 

carbon beneath impervious surfaces in urban areas. PloS one, 9(10), 

e109380. 

Westman, W. E. 1977. How much are nature's services worth?. Science, 

197(4307), 960-964. 

White, D., Beadle, C., Worledge, D., Honeysett, J., Cherry, M. 1998. The 

influence of drought on the relationship between leaf and conducting 

sapwood area in Eucalyptus globulus and Eucalyptus nitens. Trees, 12(7), 

406-414. 

Whitehead, D. 1998. Regulation of stomatal conductance and transpiration 

in forest canopies. Tree Physiology, 18(8-9), 633-644. 

Whitlow, T. H., Bassuk, N.L. 1987. Trees in difficult sites. Journal of 

Arboriculture, 13, 10-17. 

Whitlow, T. H., Bassuk, N.L. 1988. Ecophysiology of urban trees and their 

management – the North American experience. HortScience, 23, 542-

546. 

Williams, M. A., Rice, C. W. 2007. Seven years of enhanced water availability 

influences the physiological, structural, and functional attributes of a soil 

microbial community. Applied Soil Ecology, 35, 535-545. 

Wilson, K. B., Hanson, P. J., Mulholland, P. J., Baldocchi, D. D., 

Wullschleger, S. D. 2001. A comparison of methods for determining forest 



�	��

�

evapotranspiration and its components: sap-flow, soil water budget, eddy 

covariance and catchment water balance. Agricultural and Forest 

Meteorology, 106(2), 153-168. 

Wulder, M. A., LeDrew, E. F., Franklin, S. E., Lavigne, M. B. 1998. Aerial 

image texture information in the estimation of northern deciduous and 

mixed wood forest leaf area index (LAI). Remote Sensing of Environment, 

64(1), 64-76. 

Wullschleger, S. D., Childs, K. W., King, A. W.,  Hanson, P. J. 2011. A model 

of heat transfer in sapwood and implications for sap flux density 

measurements using thermal dissipation probes. Tree Physiology, 31(6), 

669-679. 

Xiao, Q., McPherson, E. G. 2002. Rainfall interception by Santa Monica's 

municipal urban forest. Urban Ecosystems, 6(4), 291-302. 

Xiao, Q., McPherson, E. G. 2011. Rainfall interception of three trees in 

Oakland, California. Urban Ecosystems, 14(4), 755-769. 

Xiao, Q., McPherson, E. G. 2016. Surface water storage capacity of twenty 

tree species in Davis, California. Journal of Environmental Quality, 45(1), 

188-198. 

Yin, R. K. 2003. Applications of case study research (2nd ed). Applied social 

research methods series. Thousand Oaks, Sage. 173 p. 

Zeleznik, P., Vilhar, U., Starr, M., de Groot, M., Kraigher, H. 2015. Fine root 

dynamics in Slovenian beech forests in relation to soil temperature and 

water availability. Trees, 30, 375-384. 

Zeng, B. 2003. Aboveground biomass partitioning and leaf development of 

Chinese subtropical trees following pruning. Forest Ecology and 

Management, 173(1), 135-144. 

Zheng, D., Ducey, M. J., Heath, L. S. 2013. Assessing net carbon 

sequestration on urban and community forests of northern New England, 

USA. Urban Forestry & Urban Greening, 12(1), 61-68. 

Zhou, X., Schoeneberger, M.M., Brandle, J.R., Awada, T.N., Chu, J., … Mize, 

C.W. 2014. Analyzing the uncertainties in use of forest-derived biomass 

equations for open-grown trees in agricultural land. Forest Science, 61, 

144-161. 

Zimmerman, A. R. 2010. Abiotic and microbial oxidation of laboratory-

produced black carbon (biochar). Environmental science & technology 44, 

1295-1301. 

Zong-Qiang, W., Shao-Hua, W., Sheng-Lu, Z., Jing-Tao, L., Qi-Guo, Z. 2014. 

Soil organic carbon transformation and related properties in urban soil 

under impervious surfaces. Pedosphere, 24(1), 56-64. 

Östberg, J., Delshammar, T., Wiström, B., Nielsen, A. B. 2013. Grading of 

parameters for urban tree inventories by city officials, arborists, and 

academics using the Delphi method. Environmental Management, 51(3), 

694-708. 

Östberg, J., Martinsson, M., Stål, Ö., Fransson, A. M. 2012. Risk of root 

intrusion by tree and shrub species into sewer pipes in Swedish urban 

areas. Urban Forestry & Urban Greening, 11(1), 65-71. 

Östberg, J.,  Sjögren, J. 2016. The Linear Index of Tree Appraisal (LITA) 

Model for Economic Valuation of Large Urban Trees in Sweden. 

Arboriculture & Urban Forestry, 42(1). 




	ABSTRACT
	ACKNOWLEDGEMENTS
	CONTENTS
	LIST OF ORIGINAL PUBLICATIONS
	ABBREVIATIONS
	1 INTRODUCTION
	2 AIMS OF THE STUDY
	3 MATERIALS AND METHODS
	4 RESULTS
	5 DISCUSSION
	6 CONCLUSIONS
	7 REFERENCES



