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Summary  

The amount of exotic plant species introduced to new regions by humans has considerably 

increased in the last two centuries. Worldwide, the invasion of exotic species represents an 

important threat to native biodiversity and ecosystem functions. Several biological traits 

(e.g., high growth rate and rapid propagation) result in a superior competitiveness of invasive 

species and often cause changes in natural species composition. Specifying the attributes that turn 

exotic species into strong competitors may improve the ability to understand and effectively 

manage plant invasions in the future. 

Conducting a pot experiment ensures the investigation of plant interactions under relatively 

controlled conditions without distracting effects of heterogeneous environmental factors. 

However, pot experiments with tree species raise more problems in comparison with herbaceous 

plants due to their longevity and bigger dimensions. This is shown by a comprehensive literature 

review giving an overview on the practical implementation of pot experiments studying 

exclusively tree species. It is evident that the advantage of pot experiments is also a disadvantage 

at the same time: Due to the controlled conditions, pot experiments are always restricted in their 

ability to imitate natural situations. Thus, the reliability of pot studies for predicting the growth 

and performance of trees in the field can be problematic. One option to improve the 

transferability of pot experiments could be to implement additional measurements under natural 

conditions. 

In a pot experiment, I investigated the competition mechanisms due to differences in growth 

rate, biomass production, and biomass allocation of two native (Quercus robur L., Carpinus betulus 

L.) and two exotic tree species (Prunus serotina Ehrh., Robinia pseudoacacia L.). One-year-old tree 

seedlings were planted in different intra- and interspecific, competitive situations with or without 

the influence of root competition. To determine the competition mechanisms in more detail, 

I distinguished between root and shoot competition by installing either above- or belowground 

plastic partitions in the pots. I hypothesized that total biomass production of the exotic tree 

species is significantly higher compared to the native species resulting in a biomass reduction of 

Q. robur and C. betulus. Furthermore, I analyzed the effect of belowground competition on native 

plant performance and biomass allocation patterns according to the ‘balanced-growth 

hypothesis’. 

The results supported the assumptions that biomass production of exotic P. serotina and 

R. pseudoacacia is significantly higher, which leads to a strong competitive advantage and to 

a biomass decrease of the admixed less competitive native species. The competitive pressure of 

exotic tree seedlings on Q. robur and C. betulus was largely driven by root competition. The 
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exclusion of belowground interactions by partitions led to an increasing biomass production of 

both native species. Thus, even a limited rooting volume seemed to provide better growing 

conditions than direct root interactions by invasive competitors. In accordance with the 

‘balanced-growth hypothesis’, Q. robur and C. betulus allocated more biomass towards the roots 

due to the strong effect of belowground competition by exotic species. The higher proportion of 

the root fraction was mainly achieved at the expense of leaf and branch biomass.  

Furthermore, the results showed a higher biomass production in mixtures of native and exotic 

tree species than their growth in monocultures would have predicted. Competition was lower for 

exotic species in mixtures with the less productive Q. robur and C. betulus compared to the 

competition in monocultures or in mixture with the other exotic species. Regarding both exotic 

species, P. serotina produced a significantly higher biomass. Nevertheless, R. pseudoacacia negatively 

affected the biomass production of P. serotina due to its strong root competition. Accordingly, 

both highly competitive exotic species inhibited each other’s growth and produced less biomass 

in mixture with each other compared to the respective monocultures. 

There is evidence that the strong competitiveness of invasive exotic species is often achieved at 

the expense of a tolerance to environmental stress. Accordingly, both exotic species had a higher 

mortality rate in the pot experiment and especially P. serotina seemed to be sensitive to shade, 

drought, and flooding. Possibly, this weakness could be used to prevent a further spreading of 

invasive species.  
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Zusammenfassung 

Der Anteil an nicht-einheimischen Pflanzenarten (Neophyten), die durch menschlichen Einfluss 

in neue Gebiete eingebracht worden sind, hat in den letzten zwei Jahrhunderten deutlich 

zugenommen. Weltweit gefährdet die Invasion von Neophyten beträchtlich die einheimische 

Biodiversität und Ökosystemfunktionen. Verschiedene biologische Eigenschaften (z.B. hohe 

Zuwachsrate und schnelle Vermehrung) führen zu einer besseren Konkurrenzfähigkeit von 

invasiven Arten und verursachen Veränderungen in der natürlichen Artzusammensetzung. Eine 

genauere Erfassung der Eigenschaften, die Neophyten zu starken Konkurrenten machen, könnte 

dabei helfen pflanzliche Invasionen besser zu verstehen und zukünftig effektiver zu steuern.  

Topfversuche ermöglichen die Untersuchung von Pflanzeninteraktionen unter kontrollierten 

Bedingungen ohne den schwer kalkulierbaren Einfluss heterogener Umweltfaktoren. Allerdings 

führen die Langlebigkeit und die größeren Dimensionen von Baumindividuen zu mehr 

Problemen in Topfversuchen im Vergleich zur Untersuchung krautiger Pflanzen. Aus diesem 

Grund wurde im Rahmen eines Reviews Literatur ausgewertet, um einen Überblick über die 

praktische Durchführung von Topfversuchen, die sich ausschließlich mit Baumarten 

beschäftigen, zu geben. Es ist offensichtlich, dass der Vorteil von Topfversuchen zugleich auch 

einen Nachteil darstellt: Aufgrund der kontrollierten Bedingungen sind Topfversuche in ihrer 

Eignung natürliche Gegebenheiten zu imitieren immer eingeschränkt. Die Zuverlässigkeit von 

Topfversuchen bei der Vorhersage des Baumwachstums unter natürlichen Bedingungen ist daher 

problematisch. Eine Möglichkeit um die Übertragbarkeit von Topfversuchen zu verbessern, 

könnte die Durchführung zusätzlicher Felduntersuchungen sein. 

In einem Topfversuch wurden die, durch Unterschiede in der Wuchsrate, Biomasseproduktion 

und Biomasseverteilung bedingten, Konkurrenzmechanismen von zwei einheimischen (Quercus 

robur L., Carpinus betulus L.) und zwei nicht-einheimischen Baumarten untersucht (Prunus serotina 

Ehrh., Robinia pseudoacacia L.). Einjährige Jungpflanzen wurden verschiedenen intra- und 

interspezifischen Konkurrenzbedingungen ausgesetzt, mit oder ohne den Einfluss von 

Wurzelkonkurrenz. Um die Konkurrenzmechanismen genauer zu bestimmen, wurde zwischen 

Wurzel- und Sprosskonkurrenz unterschieden, indem entweder ober- oder unterirdische 

Plastiktrennwände in die Töpfe integriert wurden. Es wurde angenommen, dass die 

Gesamtbiomasseproduktion der Neophyten im Vergleich zur Biomasseproduktion der 

einheimischen Baumarten signifikant höher ist und dies zu einer Verringerung der Biomasse von 

Q. robur und C. betulus führt. Des Weiteren wurde der Einfluss der unterirdischen Konkurrenz auf 

das Wachstum und die Biomasseverteilung der einheimischen Arten gemäß der ‚balanced-growth 

hypothesis‘ untersucht. 
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Unsere Ergebnisse bestätigen die Annahmen, dass die Biomasseproduktion der beiden 

Neophyten P. serotina und R. pseudoacacia signifikant höher ist und dies zu einem großen 

Konkurrenzvorteil und zu einer Biomassereduktion der beigemischten konkurrenzschwächeren 

einheimischen Arten führt. Der Konkurrenzdruck auf Q. robur und C. betulus wurde vor allem 

durch die Wurzelkonkurrenz der nicht-einheimischen Arten verursacht. Die Ausschaltung von 

unterirdischen Pflanzeninteraktionen durch Trennwände führte somit zu einem Anstieg der 

Biomasseproduktion der beiden einheimischen Arten. Demzufolge scheint sogar ein begrenztes 

Wurzelvolumen bessere Wachstumsbedingungen zu bieten als direkter Wurzelkontakt mit 

invasiven Konkurrenten. In Übereinstimmung mit der ‚balanced-growth hypothesis‘ reagieren 

Q. robur und C. betulus auf die starke unterirdische Konkurrenz durch die Neophyten, indem sie 

mehr Biomasse in Richtung der Wurzeln transportieren. Die verstärkte Investition der Pflanzen 

in die Wurzeln geht vor allem zu Lasten von Blatt- und Astbiomasse.  

Außerdem hat sich gezeigt, dass Artenmischungen aus einheimischen und nicht-einheimischen 

Bäumen mehr Biomasse produzieren, als man anhand des Wachstums dieser Arten in 

Monokulturen erwartet hätte. Im Vergleich zu Monokulturen oder Mischungen beider 

Neophyten war der Konkurrenzdruck für P. serotina und R. pseudoacacia in Mischungen mit den 

weniger produktiven einheimischen Baumarten geringer. Bei Betrachtung der beiden nicht-

einheimischen Arten wird deutlich, dass P. serotina signifikant mehr Biomasse produziert. 

Trotzdem hat R. pseudoacacia aufgrund der starken Wurzelkonkurrenz einen negativen Einfluss auf 

die Biomasseproduktion von P. serotina. Wachsen die beiden konkurrenzstarken Neophyten 

zusammen in einem Topf, produzieren sie weniger Biomasse als in den entsprechenden 

Monokulturen. 

Es gibt Anzeichen dafür, dass die starke Konkurrenzfähigkeit der invasiven Neophyten oftmals 

zu Lasten ihrer Stresstoleranz geht. Damit einhergehend zeigten die beiden nicht-einheimischen 

Arten im Topfversuch eine höhere Mortalitätsrate: Vor allem P. serotina scheint zudem 

empfindlich gegenüber Schatten, Trockenheit und Überflutung zu sein. Möglicherweise könnte 

diese Schwachstelle der Neophyten genutzt werden, um eine weitere Ausbreitung einzudämmen.  
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The introduction of exotic species 

The expansion of exotic species (also referred to as ‘introduced’, ‘non-native’, or ‘alien’ species, 

etc.) leads to various changes of the natural ecosystems worldwide. By definition, a non-native 

species occurs outside its native range, which it would not occupy naturally, and has been 

introduced there by human activities (DAISIE Project 2009). Since the rediscovery of America in 

1492, the anthropogenic immigration exceeds by far the natural range expansion of species 

(Kowarik 2010). About 50 % of the European exotic plant species have been introduced to 

Europe since 1899 (Lambdon et al. 2008). In Germany, for instance, a number of 450 naturalized 

exotic plant species, introduced after 1492, is registered. After United Kingdom, Belgium, and 

Italy, Germany is among the 10 countries with the highest density of naturalized exotic plant 

species (Lambdon et al. 2008). Out of 2271 exotic plant species introduced to Europe, the 

majority originates from other European countries (53 %), Africa (36 %), temperate Asia (34 %), 

tropical Asia (25 %), North America (18 %), South America (16 %), and Australasia (3 %) 

(Lambdon et al. 2008, multiple selections possible for species with native distribution on more 

than one continent). 

The introduction by humans happens either unintended (e.g., by contaminated seeds or via 

ballast water of ships) or with a certain intention (Kowarik 2010). The respective percentage of 

species that have been introduced either by purpose or by accident varies among taxonomic 

groups (Mack et al. 2000): The majority of plant species, for instance, has been introduced 

deliberately. After Pyšek et al. (2009) the proportion of intentional introductions accounts for 

63 % and the unintentional ones for 37 %. Non-native plant species introduced prior to 

1492 (archeophytes) particularly have agricultural use and include a lot of familiar species such as 

types of grain, cherry, or apple (Kowarik 2010). After 1492, in contrast, more than half of all 

exotic plant and tree species in Europe were mainly introduced and cultivated for ornamental and 

horticultural reasons (Pyšek et al. 2009b) such as Ailanthus altissima (Mill.) Swingle, Impatiens 

glandulifera Royle, Prunus serotina Ehrh., Robinia pseudoacacia L., or Rosa rugosa Thunb. ex Murray 

amongst others.  

 

 

Impacts of plant invasions 

Only the fewest organisms succeed in getting to a new place outside their native range. Most of 

these species are eliminated by various abiotic or biotic agents soon after their arrival (Mack et al. 

2000). Out of this finally surviving percentage, again, just a small fraction manages to establish 

and become naturalized. Accordingly, the majority of exotic species does not cause damages to 
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the native environment. However, some of the non-native species are able to spread very rapidly, 

thereby endanger the natural biodiversity, human health, and economic or esthetic values and, 

thus, are called invasive species (DAISIE Project 2009). For a variety of British plant species, 

Williamson and Fitter (1996) developed the ‘tens rule’ stating that 10 % of imported species 

appear in the wild, 10 % of those become naturalized, and 10 % of the naturalized species cause 

economic problems. The term ‘invasion’ for the spread of exotic species caused by humans was 

used for the first time by Lehmann (1895). The book ‘The ecology of invasions by animals and 

plants’ by Elton (1958) is considered as the first important scientific work on biological invasions 

(Richardson and Pyšek 2007). Vascular plants are the most intensively explored taxonomic group 

of all invasive species, and about 400 plant invaders are known to be investigated in case studies 

all over the world, 80 of them in Europe (Pyšek et al. 2008). 

In natural ecosystems, plant invaders can alter important ecological functions such as the fire 

regime, nutrient cycle, or hydrology and threaten the abundance, growth, and survival of native 

species (Mack et al. 2000). Biological invasions are regarded as the major threat to biodiversity 

(Kowarik and Lippe 2007). To date, the mechanisms that lead to the success of some invasive 

species are not yet completely understood. More information is needed on how invasive species 

manage to rapidly suppress native species that have been well adapted to regional environmental 

conditions for a long time (Sax and Brown 2000). Various studies are aimed at determining the 

characteristics that enable non-native species to invade a new habitat (e.g., Williamson and Fitter 

1996b; Alpert et al. 2000; Callaway and Aschehoug 2000; Bray et al. 2003; Closset-Kopp et al. 

2007). Rejmanek and Richardson (1996) found attributes of plant-dispersal to be important for 

a successful invasion by ensuring a fast population growth such as a short juvenile period, 

frequent seed crops, and small seed mass. Apart from a rapid propagation, a high growth rate, 

biomass production, and leaf area are other important traits of plant invaders (e.g., Williamson 

and Fitter 1996b; Pyšek and Richardson 2008; Lamarque et al. 2011). Hufbauer and Torchin 

(2007) and Lamarque et al. (2011) give an overview of ecological and evolutionary hypotheses 

applied to explain biological invasions. It is assumed that successful plant invasions result from 

the interaction between ecosystem invasibility on the one hand and species invasiveness on the 

other hand (Alpert et al. 2000; Closset-Kopp et al. 2011). Ecosystem invasibility specifies the 

traits of a new habitat that makes it susceptible to plant invasions. Invasiveness describes the 

characteristics of exotic species that enable them to invade a new ecosystem. Pyšek et al. (2009a) 

indicated that an effective invasion depends on a long residence time, in which an exotic species 

is present in a new habitat, and the level of propagule pressure. Accordingly, the longer the 

residence time the larger the seed and seedling bank leading to a higher probability of 

propagation and naturalization (Rejmánek et al. 2005). Another hypothesis refers to the 
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advantage of exotic species due to the release from biotic constraints such as herbivores or 

parasites in their native range (Mack et al. 2000). Thus, they have a competitive advantage 

compared to native species that are already interacting with a variety of other competitors (Sax 

and Brown 2000). Another potentially explanation for the success of alien invaders is described 

by the ‘evolution of increased competitive ability (EICA) hypothesis’ (Blossey and Nötzold 

1995). It proposes that – in case of absent or low enemy pressure – non-native plants often 

become invasive due to a shift in allocation from defensive mechanisms to growth and 

reproduction (Rogers and Siemann 2004). Thus, natural selection favors invader genotypes with 

less defensive but more competitive traits (Bossdorf et al. 2004; Alpert 2006). 

In general, competitiveness and invasion of exotic plant species has to be regarded in the context 

of climate change. It is expected that climate change will lead to changes in competitiveness of 

exotic plant species. A warmer environment may advance the spread of some exotic species and 

contemporaneously enhancing the invasibility of ecosystems by disturbing the balanced dynamics 

maintaining them (Thuiller et al. 2007; Juhász et al. 2009; Benesperi et al. 2012). 

 

 

Research project 

The precedent study is part of a junior research group called ‘BEN – Biodiversity, Ecology and 

Management in National Parks and Biosphere Reserves’. All three sub-projects work under the 

project title ‘The impact of tree species diversity on tree growth and herb-layer diversity – 

ecological studies and management implications at the biosphere reserve Valle del Ticino’. 

The biosphere reserve ‘Valle del Ticino’ is located in northwestern Italy (Lombardy) near the city 

of Milan and south of Lago Maggiore. Since the reserve is the largest continuous remnant of 

woodlands in the Po River plain, it was designated as part of the ‘UNESCO Man and Biosphere 

Programme’ as MAB Biosphere Reserve ‘Valle del Ticino’ in 2002 (UNESCO 2005). The area 

consists of riparian forests and wetlands along the Ticino River. The natural vegetation is oak-

hornbeam forest (Querco-Carpinetum), i.e. mixed forest of pedunculate oak (Quercus robur L.) and 

hornbeam (Carpinus betulus L.), with a considerable proportion of sweet chestnut (Castanea sativa 

Mill.), conifer (Pinus spp.), poplar (Populus spp.), and black alder (Alnus glutinosa L.) (Boschetti 

et al. 2007). Nowadays, the forests of the biosphere reserve are affected by the spreading of 

exotic tree species such as black cherry (Prunus serotina Ehrh.) and black locust (Robinia pseudoacacia 

L.) that have been introduced to the area in the early twentieth century (Annighöfer et al. 2012a). 

Due to its ability to displace other species, to dominate the understory, and to suppress the 

regeneration of native species (Verheyen et al. 2007), P. serotina is referred to as an invasive 
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species. R. pseudoacacia, as a nitrogen-fixing species, is able to alter soil conditions and species 

compositions on many sites and, for this reason, is also regarded as invasive (Motta et al. 2009). 

Both, forest ecologists as well as nature conservationists are interested in the impacts of exotic 

tree invaders on the development of native forests. Thus, a closer examination of the reasons for 

the fast spreading of non-native tree species is required. The aim of our research project is to 

study the mechanisms leading to an increasing abundance of exotic tree species, to investigate the 

effects on the native vegetation, and to propose ecologically agreeable methods to prevent 

a further spreading. The research project is composed of the following three sub-projects:  

(1) The first sub-project surveys the forest structure in the biosphere reserve and studies the 

impact of exotic tree species on the tree and herb layer diversity (André Terwei, Free University 

of Bozen-Bolzano, Italy). 

(2) The second sub-project estimates the aboveground biomass of invasive P. serotina in the 

biosphere reserve for economic use and tests measures to avoid a further spreading (Peter 

Annighöfer, Georg-August University of Göttingen, Germany). 

(3) In the third sub-project, which will be described in the following, a pot experiment was 

conducted as a complement to the in-situ studies (1) and (2). In the pot experiment, 

I investigated the biomass production and growth reactions of four species characterizing the 

study area: the two native (Q. robur, C. betulus) and the two exotic tree species (P. serotina, 

R. pseudoacacia). They were planted in different intra- and interspecific, competitive situations with 

or without the influence of root competition. 

 

 

Study species 

For the pot experiment, I chose tree species that are typical for the prevalent native and non-

native vegetation of the study area ‘Valle del Ticino’: pedunculate oak (Q. robur) and hornbeam 

(C. betulus) as native species, black cherry (P. serotina) and black locust (R. pseudoacacia) as exotic 

species. In the following, the four tree species are introduced: 

(1) In Central Europe, pedunculate oak (Q. robur) is one of the most frequent deciduous forest 

tree species and important in both ecological and economic aspects (Roloff et al. 2010). It 

provides high-quality timber for construction and furniture manufacture (Forestry Compendium 

2012a). Pedunculate oak grows under a wide range of different climate conditions and can be 

found from Ireland and Scandinavia in the north to southern Italy and from the Russian Ural 

Mountains in the east to northern Spain in the west (Roloff et al. 2010). Due to its ability to 
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tolerate even long-term flooding, Q. robur is a typical species in hardwood floodplain forests, 

e.g., in the biosphere reserve ‘Valle del Ticino’/Italy. Pedunculate oak has a high demand for light 

and is not able to successfully compete with other shade providing species such as Fagus 

sylvativa L. (Roloff et al. 2010). Oak-dominated forests are often affected by invasion of P. serotina 

(Starfinger et al. 2003). Vanhellemont et al. (2011) found P. serotina to be predominant when the 

regeneration of Q. robur was hampered (e.g., by herbivory). In contrast, when both species 

succeed to regenerate, pedunculate oak is able to outcompete P. serotina in the long term due to its 

considerably higher life span. The results showed that the significantly higher biomass production 

of exotic P. serotina and R. pseudoacacia led to a strong competitive advantage, resulting in 

a biomass decrease of the less competitive native species Q. robur (Kawaletz et al. 2013). 

(2) Hornbeam (C. betulus) is a European deciduous tree species with minor economic relevance 

(Roloff et al. 2010). It can be found from southern Sweden/England in the north to southern 

Italy and from the Balkans and parts of Russia in the east to the Pyrenees in the west (Forestry 

Compendium 2012b). Hornbeam is often associated with pedunculate oak (Q. robur) in Querco-

Carpinetum forests that can be found on the most fertile soils in temperate Europe (Ellenberg 

1988). Similar to Q. robur, biomass production of C. betulus was significantly reduced by the strong 

competitiveness of P. serotina and R. pseudoacacia (Kawaletz et al. 2013).  

(3) Black cherry (P. serotina) is a deciduous tree species, which is native to the eastern United 

States and there the only cherry species of commercial value (Marquis 1990). Whereas large trees 

with high-quality timber can be found on adequate sites, it is just a small, poorly formed tree on 

inappropriate sites. Black cherry grows well under a wide range of climatic conditions and on 

a variety of different soil types. On the Allegheny Plateau of Pennsylvania, New York, and West 

Virginia, P. serotina occurs on all except for the very wettest and very driest soils (Marquis 1990). 

It grows very fast in early stages and overtops common associated tree species. In 1623, P. serotina 

was introduced to France as an ornamental tree (Wein 1930). In the second half of the nineteenth 

century, foresters tried to produce timber of high commercial value (Kowarik 2010). 

Unfortunately, P. serotina did not meet the expectations and only formed shrubs or small trees of 

low timber value (Starfinger 1990). After the failed plantings, black cherry was used to improve 

the soil quality and for wind and fire prevention in coniferous forests (Kowarik 2010). However, 

the unexpected strong spreading of P. serotina led to silvicultural problems, e.g., as reported by 

Ernst (1965) and Wittig (1979). By forming dense thickets, invasive P. serotina is a threat to the 

native plant diversity and natural regeneration (Starfinger et al. 2003). Henceforward, P. serotina 

was referred to as a ‘pest’ (van den Tweel and Eijsackers 1987) and as an ‘aggressively spreading 

species’ (Borrmann 1987). Therefore, foresters tried to find measures to avoid a further 
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expansion (Starfinger et al. 2003). However, all attempts to fight against black cherry failed. 

Mechanical control by cutting was ineffective due to its strong resprouting (Annighöfer et al. 

2012b). Today, the application of herbicides is not very common in European forests for various 

reasons such as application effort, efficiency, and pest resistance (Ammer et al. 2011, Annighöfer 

et al. 2012b). Herbicides do not affect the seed bank of P. serotina, i.e. to prevent regeneration 

chemical control has to be applied for several successive years (Starfinger et al. 2003). For this 

and other reasons, chemical control of black cherry is not a promising measure. Another option 

could be to reduce P. serotina biologically by treating its stumps with the pathogenic fungus 

Chondrostereum purpureum (Pers.: Fr.) Pouzar (De Jong et al. 1990). Despite its effectiveness, the 

probability that the fungus will affect other Prunus species nearby is high (De Jong et al. 1990; 

Starfinger 1990). The success of all these measures is hampered due to the ability of black cherry 

to regenerate from seeds, stumps, and root fragments left in the soil (Starfinger et al. 2003). 

Silvicultural measures reducing the light availability in the long term by planting shade providers 

such as F. sylvatica or C. betulus, which is native to the biosphere reserve, could be a promising 

option to reduce the abundance of the shade intolerant P. serotina (Starfinger et al. 2003). 

Several characteristics account for the high abundance and predominance of P. serotina in invaded 

areas: Black cherry is a pioneer tree, i.e. it has a high growth rate (Kawaletz et al. 2013), flowers 

and fructifies already after a few years (Kowarik 2010), and has an effective regeneration ability 

(Pairon et al. 2006). Furthermore, seedlings of P. serotina are able to survive under shady 

conditions under closed canopies (‘Oskar syndrome’) and to grow rapidly when light conditions 

improve (Silvertown 1984; Closset-Kopp et al. 2007). These traits in combination with its ability 

to form a dense and light reducing canopy impeding regeneration of co-occurring species 

(Godefroid et al. 2005; Pairon et al. 2006) makes P. serotina a highly competitive invader. 

(4) Black locust (R. pseudoacacia) is another invasive exotic tree species causing major difficulties in 

many European forest ecosystems (Kleinbauer et al. 2010). Black locust was introduced from 

North America and planted for the first time in France as an ornamental tree between 1601 

(DAISIE Project 2009) and 1635 (Wein 1930). In the following years, R. pseudoacacia was planted 

to control soil erosion and for timber and nectar production (DAISIE Project 2009; Kowarik 

2010). To date, R. pseudoacacia is still the most widely planted North American tree species in 

Europe (DAISIE Project 2009; Kowarik 2010), and it is considered to be a suitable species for 

short rotation coppice (Röhle et al. 2008; Grünewald et al. 2009). Mechanical control measures 

such as cutting and burning are hardly successful, since black locust is able to resprout 

vegetatively (DAISIE Project 2009). As the most effective strategy to control a further spreading, 

Motta et al. (2009) suggest avoiding disturbances (e.g., large gaps), which favor the colonization 
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by R. pseudoacacia, and waiting for natural suppression by shade providing species. Black locust 

growths on a wide range of sites in its native and in its non-native range (Huntley 1990; 

Kleinbauer et al. 2010). Due to its symbiosis with nitrogen-fixing bacteria (Rhizobia) it is able to 

modify the nutrient cycle, alter soil conditions and change species communities on many sites 

(Rice et al. 2004; Motta et al. 2009). By increasing the nitrogen content in the soil, black locust 

facilitates the colonization by further exotic plant species (von Holle et al. 2006). After the 

introduction to a new area, the abundance of R. pseudoacacia increases and the species forms dense 

stands (Nasir et al. 2005). Besides, flowers and seeds contain robinin that is toxic to humans 

(DAISIE Project 2009). Similar to P. serotina, also black locust is a pioneer tree characterized by 

high growth rate, early fructification, and effective regeneration ability by spreading rapidly from 

stumps and roots, especially after being damaged (Huntley 1990). For these reasons, 

R. pseudoacacia is referred to as an important threat to native forest vegetation in northern Italy 

(Motta et al. 2009; Benesperi et al. 2012). 

 

 

Study material and experimental design 

The above and belowground competition between native and non-native tree species was 

investigated in a pot experiment between April 2010 (experiment begin) and October 2011 

(experiment end). The pot experiment was conducted under outdoor conditions in Göttingen, 

Germany (51°32´N 9°56´E, 170 m above sea level). The climate is characterized as temperate 

with an average annual precipitation of 644.9 mm and most of the rain falling in June (81.3 mm). 

The temperature ranges from 4.8 °C to 13 °C with a mean annual temperature of about 8.7 °C 

(Wetterstation Göttingen 2013).  

To ensure comparability with the vegetation of the biosphere reserve ‘Valle del Ticino’, tree 

species were used that are typical for the vegetation found in the reserve: pedunculate oak 

(Q. robur) and hornbeam (C. betulus) as native species, black cherry (P. serotina) and black locust 

(R. pseudoacacia) as exotic species. At the beginning of the experiment all plants were one-year-old 

and originated from a nursery in Germany (Münchehof, Lower Saxony), where all plants had 

grown under homogenous conditions. The seedlings were planted into pots (volume 65 l, 

diameter 54 cm, height 33 cm) in spring 2010. The pots were filled with fertilized potting soil 

(Einheitserde- und Humuswerke, Gebr. Patzer GmbH & Co. KG, Sinntal-Jossa/Germany, type 

Eurohum CRH) above a 5 cm layer of coarse gravel to improve drainage. I used potting soil to 

ensure homogeneous substrate and nutrient conditions in all pots. The tree seedlings were 

watered as needed with all pots receiving the same amount of water. Excess water drained 
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through holes in the bottom of the pots. During winter, the pots were arranged close to each 

other and embedded in foliar litter to prevent frost damage to the roots. All pots were placed 

randomly on the area to avoid edge effects.  

The aim of the study was to investigate the differences between root and shoot competition. 

Therefore, a modified ‘divided pot technique’ (Donald 1958; Snaydon 1971; McPhee and Aarssen 

2001) was used, i.e. all tree seedlings were distributed according to one of the following 

competition treatments (Figure 1, Table 1): 

(A) no competition (NC), i.e. either above- and belowground partitions were installed to separate 

all four individuals in the pot (NC4) or only one single tree seedling per pot was planted to 

provide maximum rooting space without competition (NC1), 

(B) aboveground (shoot) competition (SC), i.e. partitions were installed belowground to eliminate 

root competition, 

(C) belowground (root) competition (RC), i.e. partitions were installed aboveground to eliminate 

shoot competition, 

(D) full competition (FC), i.e. with no partitions at all. 

The partitions were made of white rigid PVC sheets. White aboveground partitions reflected the 

sunlight and thus leveled the light conditions on all four sections of the pot. The aboveground 

partitions were 1 m in height. The belowground partitions were fitted to the pot’s shape in order 

to completely isolate the plants in the four compartments.  

Four tree seedlings were planted per pot, except for pots containing only one plant (NC1). All 

plants were arranged in eleven different species combinations of which four were monocultures 

of Q. robur, C. betulus, R. pseudoacacia, and P. serotina, and seven were species mixtures: (1) Q. robur 

with C. betulus, (2) R. pseudoacacia with P. serotina, (3) Q. robur with R. pseudoacacia, 

(4) Q. robur with P. serotina, (5) C. betulus with R. pseudoacacia, (6) C. betulus with P. serotina, and 

(7) all four species together. Each plant had an available rooting capacity of at least one fourth of 

the pot volume. The seedlings were planted in the centre of each of the four compartments to 

ensure that the distance between all individuals as well as to the edge of the pot and the partitions 

was the same.  
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Fig. 1 Set-up of the four different competition treatments: A = no competition (NC4), B = shoot 

competition (SC), C = root competition (RC), and D = full competition (FC) and no competition (NC1), 

respectively. 

 

As I was able to observe, SC had no significant effect on tree growth in the experiment. 

However, if the two treatments in which the seedlings were exposed to root competition (i.e. RC 

and FC) were pooled and compared with the treatment excluding root competition (i.e. SC), 

a significant effect of root competition was found. In the following, I therefore contrast ‘root 

competition’ (RC) with ‘no root competition’ (nRC). Additionally, there was a high mortality 

among plants in the NC treatment (see chapter 5 for further explanations). Thus, the entire NC 

treatment remained unconsidered in the data analyses. Furthermore, all pots with dead seedlings 

had to be excluded from further analyses, since even only one dead plant per pot would have 

changed the competitive situation compared to those pots containing four plants. This drastically 

reduced the number of pots from 752 to 201. At the end of the experiment, all plants were 

harvested resulting in a total of n = 804 trees, of which n = 246 were Q. robur, n = 240 were 

C. betulus, n = 188 were R. pseudoacacia, and n = 130 were P. serotina seedlings. The amount of 

replicates per species mixture in the different competition treatments at the beginning and at the 

end of the experiment are shown in Table 1. 
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Table 1 Amount of plants and pots per mixture type and competition treatment at the beginning and at 

the end of the pot experiment. Mortality reduced the amount of replicates. If not specified, all pots 

contained four plants. NC = no competition, SC = shoot competition, RC = root competition, nRC = no 

root competition, FC = full competition. 

species mixture 

replicates at the beginning of the 
experiment (April 2010) 

replicates at the end of the experiment 
(October 2011) 

treatment plants pots treatment plants pots 

Q. robur (single plant) 

NC 

20 20 

 

n/a 

C. betulus (single plant) 20 20 n/a 

P. serotina (single plant) 20 20 n/a 

R. pseudoacacia (single plant) 20 20 n/a 

all 4 species 96 24 n/a 

Q. robur 

SC 

48 12 

nRC 

24 6 

C. betulus 48 12 32 8 

P. serotina 48 12 24 6 

R. pseudoacacia 48 12 28 7 

all 4 species 192 48 n/a 

Q. robur and C. betulus 80 20 64 16 

P. serotina and R. pseudoacacia 80 20 16 4 

Q. robur and P. serotina 80 20 20 5 

Q. robur and R. pseudoacacia 80 20 36 9 

C. betulus and P. serotina 80 20 12 3 

C. betulus and R. pseudoacacia 80 20 28 7 

Q. robur 

RC 

48 12 

RC 

n/a 

C. betulus 48 12 n/a 

P. serotina 48 12 n/a 

R. pseudoacacia 48 12 n/a 

all 4 species 192 48 n/a 

Q. robur and C. betulus 80 20 80 20 

P. serotina and R. pseudoacacia 80 20 32 8 

Q. robur and P. serotina 80 20 44 11 

Q. robur and R. pseudoacacia 80 20 56 14 

C. betulus and P. serotina 80 20 48 12 

C. betulus and R. pseudoacacia 80 20 64 16 

Q. robur 

FC 

48 12 72 18 

C. betulus 48 12 60 15 

P. serotina 48 12 20 5 

R. pseudoacacia 48 12 44 11 

all 4 species 192 48 n/a 

Q. robur and C. betulus 80 20 n/a 

P. serotina and R. pseudoacacia 80 20 n/a 

Q. robur and P. serotina 80 20 n/a 

Q. robur and R. pseudoacacia 80 20 n/a 

C. betulus and P. serotina 80 20 n/a 

C. betulus and R. pseudoacacia 80 20 n/a 

total  2768 752 
 

804 201 
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Study objectives and hypotheses 

The invasion of new areas by non-native species often leads to suppression of the native species 

as it actually happens in the biosphere reserve ‘Valle del Ticino’ due to further spreading of the 

exotic trees P. serotina and R. pseudoacacia (Furlanetto et al. 2007; Annighöfer et al. 2012a). The 

investigations of the overall project were not restricted to field measurements, but were 

accompanied by a pot experiment with seedlings of the same species. The present study aimed to 

identify the mechanisms that affect the competition between native and exotic tree species. 

Under the relatively controlled conditions of the pot experiment, physiological traits of native 

and non-native trees were compared. This sub-project investigated the competition effects of 

exotic tree species on the native ones. 

At first, chapter 2 gives a literature overview of pot experiments studying exclusively tree species. 

In pot experiments, the larger dimensions and longevity of tree species raise more difficulties in 

comparison to the investigation of small-sized and short-living herbaceous plants. There are 

numerous ways to design pot experiments by varying the parameters such as pot size, soil 

substrate, plant origin, or plant age. The aim of the literature review was to gather information on 

the correct implementation of pot experiments with woody species for the present and for future 

studies. The conception of pot experiments as a complement to field measurements was analyzed 

by reviewing 93 studies published during 1936 and 2013. 

In chapter 3, I compared the biomass production of native Q. robur and C. betulus with exotic 

P. serotina and R. pseudoacacia. The following hypotheses were tested i) that total biomass 

production of the exotic tree species is higher than that of the native ones leading to a higher 

competitiveness of the exotics and ii) that the exclusion of belowground interactions has 

a positive effect on the biomass production of the less competitive (inferior) species Q. robur and 

C. betulus. Furthermore, I analyzed iii) if the biomass production of species mixtures is higher in 

comparison to the respective monocultures due to complementarity effects and the strength of 

competitors. 

In chapter 4, I focused on the biomass allocation patterns of native and exotic tree species in 

terms of competition. Competition affects the resource availability of interacting plants. As 

predicted by the ‘balanced-growth hypothesis’, plants allocate biomass preferentially to those 

compartments, which are involved in the acquisition of the primarily limiting resource. Higher 

biomass allocation to one compartment is achieved at the expense of other plant organs. 

According to the ‘balanced-growth hypothesis’, I tested the biomass partitioning to root and 

aboveground fractions in case of belowground competition.  
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Abstract  

Pot experiments, as a complement to field measurements, allow the investigation of plants under 

controlled conditions without distracting effects of heterogeneous environmental factors. Due to 

their longevity and bigger dimensions, pot experiments with tree species raise more problems 

compared to studies with herbaceous plants. In the present literature review, we analyze 93 

studies on pot experiments with woody species and give an overview of their practical 

implementation. The literature review showed that various factors have to be taken into account 

for providing good growing conditions in pot experiments, e.g. pot size, substrate, plant age and 

origin, or transplanting effects. The transferability of experimental results to natural conditions is 

limited and could be improved by implementing additional measurements under natural 

conditions. Due to the lack of information on the experimental set-up, an evaluation on the 

quality of pot experiments was hardly possible. Information on the appropriateness of the 

methodology should be provided that can be used for future pot experiments. 

 

 

Introduction 

The understanding of plant responses to environmental conditions and their interactions is 

a central object of plant ecology. However, studying interactions and responses of plants in the 

field often imposes several logistic and analytical constraints due to the complexity of natural 

plant communities (Gibson et al. 1999). Apart from the heterogeneous environmental conditions 

(e.g., light, soil properties), species in-situ vary in size, age, and abundance. As a complement to 

in-situ studies, pot experiments have the advantage to allow direct measurements under 

controlled conditions without the influence of distracting biotic and abiotic factors 

(Passioura 2006; Haase 2009; Kohout et al. 2011). For instance, pot experiments are 

advantageous in studying the impact of root and shoot competition in species mixtures. In such 

studies, it may be interesting to separate above- from belowground competition for identifying 

which type of competition has a greater impact on plant growth (McPhee and Aarssen 2001). 

However, the assessment of belowground interactions under field conditions is difficult in 
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comparison with pot experiments. The latter allow destructive harvests to quantify root 

productivity and allocation that would be hardly feasible in natural stands (Haase 2009). 

There are several literature reviews (e.g., Gibson et al. 1999; Poorter et al. 2012a; Poorter et al. 

2012b) giving an overview on pot experiments. However, our literature research revealed that pot 

experiments have mostly been focusing on herbaceous plants, whereas the research with woody 

forest species is usually conducted in-situ. The underrepresentation of forest tree species in pot 

experiments may be due to the fact that the examination of woody species implicates more 

problems than the study of short-living herbaceous plants. The longevity and higher dimensions 

of tree species, for instance, result in higher financial and material expenses. Due to the limited 

rooting capacities, pot experiments cannot cover the whole life span of long-living woody 

species, so the experiments are restricted to early stages of seedling and sapling growth 

(Mousseau and Saugier 1992). Since the results of pot studies with grasses and other perennial 

species are hardly transferable to tree species, the issue of pot experiments with woody species 

therefore needs further analyses. The purpose of the present review is to gather information on 

the special growing conditions of trees in pots and the requirements for pot experiments if 

woody species are taken into account. Thus, we are aiming at providing methodological 

recommendations which may be useful for planning future pot experiments with woody species. 

In planning a pot experiment many different aspects have to be taken into consideration. In the 

following, we give an overview of how these aspects were addressed in the reviewed studies.  

 

 

Method of literature survey 

We surveyed 93 studies on pot experiments with woody species published in a great variety of 

peer-reviewed scientific journals between 1936 and 2013 (Fig. 1). Relevant literature was searched 

by using the online database ISI Web of Knowledge. Using online databases did not result in a 

successful search but many publications were found by browsing references. The used keywords 

were: “pot experiment”, “pot study”, or “container experiment” in combination with “trees”, 

“tree species”, or “woody species”. The literature review was only based on forest trees, i.e. fruit 

trees were excluded.  Despite an intensive literature research, we do not claim to give a complete 

overview. 
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Fig. 1 Amount of publications using pot experiments with woody species between 1936 and 2013. 

 

In accordance with the significant increase of scientific papers in recent years, most of the 

reviewed pot studies were published during the last 30 years, but they have been used in science 

for a much longer time (e.g., Kramer 1936).  

Unfortunately, especially the older studies rather focused on the results than on the methodology 

and the implementation of the pot experiment was not described in much detail. Several studies 

do not provide full information about the experimental set-up (Table S1, appendix). 10.1 % of 

the studies did not give information on the age of the plants that were used in the pot study. 

Another 11.8 % did not inform about the pot volume, however, more than half of these studies 

at least mentioned the diameter of the pot. There was no information on the number of trees 

planted per pot in 7.5 % of the studies and 3.2 % did not provide information on the study 

duration. This lack of information made it difficult to analyze the pot experiments properly. 

Furthermore, exact knowledge of the methodology would help to understand and to reconstruct 

the experiments.  

 

 

Results of literature review 

Species characteristics 

Most of the studies investigated one single tree species (34.0 %), but others simultaneously 

studied up to 20 species (van der Moezel et al. 1991). A lot of different tree species were used for 

pot experiments. The majority of the studies investigated deciduous trees (80.4 %) instead of 

conifers (19.6 %). For studies that took place in Europe (45.2 %), the proportion of species 

belonging to the early successional (pioneer) stage was 21.4, that belonging to the late 

successional stage was 42.9, and 31.0 % of the species belonged to an intermediate stage of 
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succession. Early successional species have the advantage of growing faster. Thus, results can be 

expected earlier than for late successional tree species. However, there was not a single study 

justifying the species choice in this way. In fact, the research objective and study site were much 

more important for species selection. 

In a pot experiment, it is not viable to study adult trees over a long period. Thus, in most cases 

young trees were used (Mousseau and Saugier 1992). Since intra- and interspecific competition is 

very important especially in the early growing phase (Haase 2009), pot experiments are an 

appropriate method to study tree seedlings interactions. Plant age at the beginning of the pot 

experiment ranged from recently germinated seedlings (McConnaughay et al. 1996; van Hees 

1997; Wagner and Dreyer 1997; Heilmeier et al. 2000a; Heilmeier et al. 2000b; Blair 2001; 

Willoughby et al. 2007; Hata et al. 2010) to 20-year-old trees of natural regeneration (Amundson 

et al. 1995). Mean plant age was 8.3 months (without outliers). Most studies used either recently 

sprouted seedlings up to an age of one month (36.6 %) or tree seedlings with an age > one 

month and ≤ 12 months (35.5 %). The youngest seedlings (2.5 months on average) were used in 

two experiments studying the effects on litter decomposition on germination and initial 

establishment of very young plants (Hata et al. 2010, Coq et al. 2012, subject area 12 in Fig. 4). 

 

Pot volume and plant number 

Trees were planted in a great variety of pot volumes ranging from 0.0002 m³ (Dehlin et al. 2004) 

up to 7.1 m³ (Meier 2007); mean pot volume was 0.012 m³ (without outliers). It was noticeable 

that 11.8 % of the experiments did not give information on pot size at all. 

In a meta-analysis, Poorter et al. (2012a) provided a guideline of appropriate pot volume 

depending on the total dry mass of the plant growing in the pot. They recommended avoiding 

a total plant dry weight per unit rooting volume greater than 2.0 gL-1, under optimal conditions 

the ratio should be less than 1.0 gL-1. For the studies reviewed here, this ratio ranged between 

0.107 gL-1 and 57.8 gL-1, the average value was 9.03 gL-1 ± SD 13.07 gL-1 (Fig. 2). Approximately 

32.6 % of the studies, which were measuring total plant biomass, reached the recommended ratio 

of less than 2.0 g dry biomass per liter pot volume. 

The plant density in a pot should be comparable to the natural conditions in the forest to allow 

an undisturbed tree growth. Some studies tried to increase the comparability of the natural and 

artificial growing conditions by adapting the plant density in pots to the density found in-situ 

(Groves and Williams 1975; Aerts et al. 1991; White and Holt 2005). In contrast, other studies 

could artificially elevate the neighbor density to investigate growth response of plants. Osunkoya 

et al. (2005) and Haase (2009), for instance, analyzed the growth response of tree seedlings on 

varying competition intensity simulated by means of different seedling densities. 
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Fig. 2 Mean total plant biomass (dry weight) [g] per liter [L] pot volume as reported in the reviewed 

literature (57 studies that provided the required information). 

 

In most studies (55.9 %) just one single tree seedlings was planted per pot. However, studies that 

planted one individual per pot did not use exclusively small pot volumes. Used pot sizes in 

studies with one plant per pot varied considerably and ranged from 0.00025 m³ to 0.057 m³. In 

general, no relationship could be detected between the number of individuals per pot and pot 

volume (Fig. 3).  

 

Fig. 3 Relationship between pot volume and study duration, plants age, and number of individuals per 

pot, respectively. Outliers were removed from data analysis. 

 

There is neither a clear correlation between pot size and study duration in experiments with one 

single tree seedling, i.e. experiments with small pots did not last shorter than experiments with 

large pots. For small pot sizes (≤ 0.001 m³), we found that either a lot of young, i.e. small tree 
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seedlings or a few older, i.e. larger individuals were used (Table 1). However, this was not true for 

medium sized (≤ 0.01 m³) and large pots (≤ 0.1 m³). Furthermore, there was no comprehensible 

correlation between study duration and plant age. In the same pot volumes, older tree seedlings 

were investigated for the same or even longer study duration than small individuals. Therefore, 

we could not further determine the reasons for choosing a specific pot volume. 

 

Tab. 1 Mean age, mean number of plants per pot, and mean study duration divided in pot size and age 

classes (n is the number of studies). 

pot size [m³] 
age class 
[months] 

mean age 
[months] 

mean number 
of plants/pot 

mean study 
duration 
[months] 

n 

≤ 0.001 m³ 

≤ 1 0.68 3.52 4.93 10 

≤ 10 4.50 1.00 5.25 2 

≤ 100 20.00 1.33 12.00 3 

mean 8.39 1.95 7.39  

≤ 0.01 m³ 

≤ 1 0.61 2.56 5.86 20 

≤ 10 5.42 1.08 8.10 13 

≤ 100 16.18 3.00 5.45 11 

mean 7.41 2.21 6.47  

≤ 0.1 m³ 

≤ 1 0.29 2.88 15.75 8 

≤ 10 4.08 1.33 12.17 6 

≤ 100 24.00 3.11 15.63 10 

mean 9.46 2.44 14.51  

 

Objectives 

The most frequently discussed subjects of the reviewed studies were plant ecology (57.0 %) and 

plant physiology (22.6 %). The remaining 20.4 % dealt with genetics or other issues. In many pot 

experiments, a combination of two or more subjects was investigated, such as the growth 

response to flooding/drought and light/shade or the effect of genetic variation and drought on 

plant growth. The preference of studying plant growth or other physiological traits under varying 

environments can be explained by the well controllable conditions in pot experiments. Under 

natural conditions, plant response to a certain environmental factor, e.g. light, is often influenced 

by other factors, e.g. water availability. In pot experiments, these can be examined separately. 

We assigned all studies to 14 different subject areas to analyze the methodical approaches of the 

pot experiments in more detail (Fig. 4). On the one hand, long term experiments on species 

diversity, composition, and density or biomass allocation studied the oldest tree seedlings in the 

largest pot volumes for the longest study duration. On the other hand, short term plant reactions 

such as tolerance to herbicides or isotopic differences between soil water and stem water studied 

young plants in small pots for only a few days or weeks (subject area 14). For other studies, we 

did not find clear correlations between subject and rooting volume or other pot characteristics. 
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For example, although studies on competition (subject area 8) always have to comprise at least 

two competing individuals per pot, the mean pot volume was not significantly bigger than in 

those studies that investigated only one individual per pot. 

 

 

Fig. 4 Mean values ± standard error of pot volume, study duration, plant age, and the number of 

individuals per pot for the different designated subject areas of the reviewed literature (93 studies). 

Outliers were removed from data analysis. Bars without ± standard error were represented by only one 

study. 

 

It seems as if other factors apart from creating the best possible growing conditions influenced 

the experimental design of many studies. The available budget often may be a limiting factor 

determining pot size, extent and duration of an experiment. This might be the reason why 36.6 % 

of the experiments used recently germinated seedlings aged less than one month, which have the 

lowest space demands. However, here again, no study stated reasons for choosing their 

methodology. 
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Effect of transplanting 

Many studies seemed to use very young trees for the pot experiment for practical reasons. 

Accordingly, in the majority of the reviewed studies self-cultivated plants from seeds or cuttings 

(70.2 %) were used. This is the cheapest option for receiving plant material for an experiment. 

Additionally, self-cultivated seedlings are well adapted to the experimental growing conditions 

resulting in high survival rates. In contrast, older individuals obtained from nurseries (14.9 %) or 

excavated from natural stands (4.3 %) have to adapt to the new environment at first leading to an 

increased mortality rate. Unfortunately, almost none of the studies gave information on general 

mortality rate during the experiment unless investigating mortality e.g. due to drought treatment 

was an objective of the study. Only two studies (Rogers and Siemann 2003; Tanner et al. 2005), 

which used self germinated tree seedlings, reported very low mortality rates. Furthermore, 

seedlings that have naturally regenerated in the forest often have the disadvantage to vary in size 

and age in contrast to self-cultivated plants from seeds or nursery grown plants. This 

heterogeneity leads to results, which may mask the effect of the abiotic experimental factors, e.g., 

on biomass partitioning. Regardless of using self-cultivated seedlings or those obtained from 

nurseries, it has to be considered that plant physiology could be influenced by transplanting 

effects in the following vegetation period.  In a pot experiment using 1-year-old nursery grown 

plants (Kawaletz et al. 2013), the effect of transplanting was found to have a strong impact on 

plant phenology, i.e. leaf flushing occurred later than in the second growing season. 

 

Study duration 

The study duration of the pot experiments varied from 0.2 months (Takahashi 1998) to 

48 months (Wölfle et al. 2000). The average duration was 9.1 months and approximately half of 

the studies were conducted in less than half a year. This time included one vegetation season, 

where differences in plant growth as a response to varying environmental factors were studied. 

For studies dealing with the responses to different light and water regimes (subject areas 4 and 5 

in Fig. 4) and elevated O3 or CO2 concentrations (subject area 7) fast changes of plant physiology 

(e.g., photosynthesis, transpiration rate) are measured. Thus, these subject areas were 

characterized by relatively short study durations.  

In pot experiments lasting for more than one year, plants have more time to interact and season 

specific effects are reduced (Wilson 1988). Particularly in studies on woody species, the study 

duration is an important factor, due to their longevity and lower growth performance in contrast 

to most herbaceous plants. Study duration is dependent on the objective of the experiment. 

Studying long-term growth reactions needs more time (more than one vegetation period) than 

rather short-term responses of plant physiology (e.g., photosynthesis) to environmental changes.  
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Indoor vs. outdoor pot experiments 

Pot experiments can be conducted outdoors as well as indoors in greenhouses or climate 

chambers. In most of the reviewed literature, the studies were conducted indoors: either in green- 

or glasshouses (40.9 %) or in climate (growth) chambers (11.8 %). A total of 28.0 % of the pot 

experiments took place outdoors, e.g., in experimental gardens, open fields, or nurseries. Other 

studies used semi open green- or shade houses (10.8 %) or a combination of indoor and outdoor 

locations (4.3 %). Again, 4.3 % of the studies did not provide further information on the 

experimental site. 

Apart from lower financial efforts, plants in outdoor pot experiments can grow under near-

natural conditions. The conditions are relatively comparable to natural habitats and the results of 

these outdoor pot experiments are better transferable to field grown plants. In contrast to in-situ 

studies, other variable factors such as soil composition, soil moisture, nutrient content, and plant 

characteristics can be standardized. Nevertheless, heterogeneity in temperature, light availability, 

and damages due to herbivores cannot be avoided and needs to be considered in the 

experimental design. Another option is the use of greenhouses and climate chambers, which 

create (full) controlled environments that are similar for all individuals and thus lead to a good 

reproducibility. However, it can be assumed that even in closed growth chambers it is hardly 

possible to fully control all environmental conditions affecting plant growth. In fact, the 

microclimate in greenhouses and to some extent even in climate chambers often is much more 

heterogeneous than under outdoor conditions. Light availability, for instance, may be different 

for each plant depending on the distance from the next lamp or wall of the growth chamber 

(Poorter et al. 2012b). Similar to outdoor pot experiments, these sources of errors have to be 

minimized and kept in mind when interpreting the results of indoors studies.  

 

 

Conclusions for future pot experiments with woody plants  

Field studies take place under natural conditions and are therefore often less expensive than pot 

experiments (no need of pots, soil, etc.). However, the success of in-situ experiments depends on 

the prevailing environmental conditions such as precipitation, deposition, and variation in soil 

and light conditions. If these factors are not exactly quantified, field experiments may provide 

doubtful and ambiguous results (Weber 1998). For example, during dry periods, soil water 

content can vary substantially compared to the constantly moist soil in pot experiments due to a 

frequent watering (Hata et al. 2010). Thus, various soil characteristics such as soil temperature, 

water, and nutrient availability differ between pot and field conditions (Townend and Dickinson 

1995). The most important advantage of pot experiments is the simplification of environmental 
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heterogeneity (Passioura 2006). In artificial but controlled environments, it is possible to study 

plant interactions more precisely (Weber 1998; Fetene 2003; Tanner et al. 2005; Bloor et al. 

2008). Furthermore, pot experiments can be repeated as often as required under unchanging 

conditions (Gibson et al. 1999; Bloor et al. 2008). The influence of distracting factors such as 

differences in soil quality, precipitation, or herbivory can be either excluded or held constant 

(Gibson et al. 1999; Freckleton and Watkinson 2000). Due to the controlled environmental 

conditions, the results from a pot experiment are easier to interpret in comparison with field 

studies (Passioura 2006).  

 

Importance of pot size 

A crucial aspect of pot experiments is that plant performance depends on pot size and shape (see 

Endean and Carlson (1975) cited in Sutherland and Day (1988) and Poorter et al. (2012a)). The 

pot volume should be adequate in size to provide enough rooting space and nutrients for the 

plants over the whole study duration. Literature indicated that a limited pot size has various 

consequences on morphology, growth, and physiology of plants (e.g., Arp 1991, McConnaughay 

and Bazzaz 1991, McConnaughay et al. 1993; Ray and Sinclair 1998). One reason for the negative 

effect of small pots on overall plant growth is the restricted water availability due to the faster 

dehydration (Ray and Sinclair 1998). In the reviewed studies, a wide range of different pot sizes 

was used. Unfortunately, none of the studies gave explicit information whether the chosen pot 

volume provided enough rooting space for the whole experimental period, e.g. by informing 

about mortality rates caused by the experimental set-up. Aerts et al. (1991) proposed to choose a 

pot volume that covers the rooting volume under field conditions or at least a large part of it, i.e. 

they used a pot volume covering 90 % of the rooting volume occupied in-situ. For comparing 

pot experiments with field studies, Arp (1991) assigned an estimated pot volume of 0.2 m³ for 

field grown plants. According to Poorter et al. (2012a), who recommended a ratio of less than 

2.0 g dry biomass per liter pot volume, about 30 % of the reviewed studies used a sufficient pot 

size. 

Apart from pot size also the pot color could affect plant performance. Black pots, no matter 

whether the experiment takes place outdoors or indoors, often lead to elevated soil temperatures 

and soil water conditions (Poorter et al. 2012b). Soil temperature affects various physiological 

processes of trees such as stomatal conductance, nutrient absorption, and thus growth (Peng and 

Dang 2003). The so caused modifications of soil functions in black pots can be avoided by using 

light-colored pots or by covering dark-colored pots in reflective foil etc. However, there is 

evidence that plant growth and different physiological processes vary in their optimal soil 

temperatures (Dang and Cheng 2004). Accordingly, elevated soil temperature does not 
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necessarily result in negative effects on plant growth by causing root damage (Newman and 

Davies 1988), but also can lead to an increased nutrient uptake until reaching a certain threshold 

(Adam et al. 2003). Soil temperature is highly connected with soil moisture content, which 

strongly influences plant performance. Therefore, special attention should be paid to regularly 

control the water status in the pots and prevent drought stress by frequent watering. 

 

Transferability 

Pot experiments create controlled but artificial conditions. Thus, plants have to acclimatize to the 

new environment after transplanting. To minimize this impact, several studies include an 

adjustment period before starting the experiment (Amundson et al. 1995; Gravatt and Kirby 

1998; Meier 2007; Mielke and Schaffer 2010) to ensure equal starting conditions for all 

individuals. Nevertheless, a certain mortality rate has to be taken into account before the 

experiments start since some individuals often die during the adjustment period. In a recent pot 

experiment of Kawaletz et al. (2013), 23.1 % of the plants died soon after planting due to 

transplanting effects. Dead seedlings should be replaced immediately to avoid differences 

between seedlings growth reaction to treatments. Willoughby et al. (2007) considered the 

anticipated germination rate based on seed viability by adjusting the seed numbers for the 

different species sown per pot. 

To mimic the natural situation as closely as possible, some studies used soil substrates from the 

plant’s origin (Amundson et al. 1995; Haase 2009; Zeugin 2010; Kohout et al. 2011) or from 

comparable stands (Wagner and Dreyer 1997; Tanner et al. 2005; Toledo-Aceves and Swaine 

2007; Železnik et al. 2007; Schall et al. 2012). Most studies used standard potting soil or a variety 

of other substrates consisting of pure peat (Armas and Pugnaire 2011), humus (Dehlin et al. 

2004), nutrient-poor sand (Löf and Welander 2000; Weih and Nordh 2005; Coq et al. 2012), or 

mixtures (Colin-Belgrand et al. 1991; McConnaughay et al. 1996; Ammer 2003; Parelle et al. 2006; 

Aranda et al. 2007). Independent of using natural or commercial soil, physical soil characteristics 

such as layering, pore space, drainage, and aeration are changed by mixing and sieving (Beadle 

1962). Therefore, extrapolating from such data to natural conditions should be done with 

caution. 

Another important aspect that has to be taken into account in pot experiments is the positive 

influence of mycorrhiza on plant performance (Blair and Perfecto 2004). Accordingly, negative 

plant performance could be due to the missing mycorrhizal symbiosis after transplantation to 

artificial growing conditions (Coq et al. 2012). In contrast to commercial standard potting soil, 

natural soils usually contain myccorhiza. Apart from the studies that clearly dealt with the effect 

of mycorrhiza in the experiment (Michelsen and Rosendahl 1990, Young et al. 1990, Baum et al. 
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2002, Huat et al. 2002, Dehlin et al. 2004, Sell et al. 2005, Sanon et al. 2006, Zeleznik et al. 2007, 

Kohout et al. 2011), only a few studies inoculated pot soil with mycorrhizal funghi, e.g. by adding 

top-soil from the natural site to the potted seedlings (Lippert et al. 1996, Gunatilleke et al. 1997, 

Cornelissen et al. 1999, Saxe and Kerstiens 2005, Schall et al. 2012). The majority of the reviewed 

studies did not consider the impact of absent mycorrhiza on plant performance. However, the 

symbiosis with myccorhiza could increase the nutrient absorbing capacity of tree species and, 

thus, results of myccorhiza-free pot experiments are hardly transferable to field conditions.  

In pot experiments early stages of tree seedlings are studied and transferring the results to adult 

trees is strongly limited (Weber 1998; Weih and Nordh 2005). Thus ontogenetic shifts in growth 

pattern, which play an important role, are not represented by e.g. short term pot experiments 

with small sized and young plants (Donovan and Ehleringer 1991). Thus, the impact of 

experimental factors on plant performance should not be analyzed independently from plant size 

and/or tree age. 

Apparently, pot experiments are always restricted in their ability to imitate natural field 

conditions. Thus, transferring the results of pot experiments to natural conditions is a challenge 

and a lot of different factors have to be taken into account.  

 

Combination of pot and field studies 

Both pot experiments and in-situ studies have advantages as well as disadvantages. Field studies, 

on the one hand, occur under natural and more realistic conditions without as many limitations as 

in pot experiments, but with uncontrollable and varying influences that better should be 

eliminated. On the other hand, pot experiments under well controlled but artificial conditions 

allow the analysis of defined questions excluding or homogenizing certain environmental factors. 

However, for transferring the results of pot experiments to natural conditions could lead to 

several uncertainties. By linking experimental pot studies with in-situ studies the transferability of 

the results gained by pot experiments could be improved (Weber 1998; Freckleton and 

Watkinson 2000; Baum et al. 2002; Haase 2009). A good possibility could be to draw up several 

hypotheses which can be tested in pot or greenhouse experiments as well as under field 

conditions, i.e. the same or comparable measurements have to be applied to both pot experiment 

and field study (Freckleton and Watkinson 2000). 

The implementation of additional in-situ measurements would at least double the amount of 

work, thus, most studies select only one of the two options. Merely 15.2 % of the reviewed 

studies conducted supplemental in-situ experiments to compare the results to those of the pot 

experiments (Sanginga et al. 1991; Curtis and Teeri 1992; Long and Jones 1996; Bellingham et al. 

2001; Baum et al. 2002; Rogers and Siemann 2003; Baraloto et al. 2005; Weih and Nordh 2005; 
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Meier 2007; Schumacher 2007; Jung 2008; Haase 2009; Hata et al. 2010; Mangan et al. 2010; 

Zeugin 2010). Most of these studies combining field and pot experiments dealt with ecological 

objectives such as growth responses to different soil factors, i.e. subjects that are well suitable to 

be measured in pot experiments as well as in-situ. Unfortunately, even those studies that 

combined pot and field experiments often did not discuss the validity and transferability of both 

methods. Half of the studies using additional in-situ measurements clearly indicated a good 

transferability of the results gained from pot experiments to field conditions (Curtis and Teeri 

1992; Long and Jones 1996; Baum et al. 2002; Rogers and Siemann 2003; Baraloto et al. 2006; 

Schumacher 2007; Mangan et al. 2010). Other studies assumed difficulties in transferring the 

observation of pot experiments to field conditions and adult trees (Mousseau and Saugier 1992; 

McConnaughay et al. 1993; Cahill 1999; Weber-Blaschke et al. 2002; Meier 2007). Sanginga et al. 

(1991) stated that pot experiments do not have sufficient predictive capacity to transfer the 

results to field conditions. The interaction of various biotic and abiotic factors that could be 

found in natural ecosystems may be excluded under the controlled conditions of pot experiments 

(Florentine and Fox 2003). In combined field and pot experiments, Weih and Nordh (2005) 

found some parameters (e.g., total leaf area, nitrogen) to be suitable for predicting the growth 

performance of field grown plants, whereas other parameters were less adequate (e.g., shoot 

biomass production, specific leaf area). According to Haase (2009), pot experiments and in-situ 

studies should be complementarily designed: under field conditions it is possible to conduct long-

term investigations, whereas pot experiments allow direct measurements and a more practicable 

harvest of belowground plant tissue.  

The literature review showed that the transferability of experimental results to natural conditions 

is depending on the individual study and has to be proven carefully. It seems to be helpful to 

combine pot experiments with in-situ field measurements wherever possible to enhance the 

informative value.  

 

 

Final remarks 

The literature review clearly revealed that most studies do not give exact information on their 

experimental set-up. Apparently, this information has rather lower priority compared to the 

findings of the study. However, the lack of clear information made it difficult to analyze the 

studies regarding methodology. We aimed to derive information on the quality of the pot 

experiment by means of this data. A second approach was to analyze whether the studies could 

approve their proposed hypotheses, since this could be another evidence for the quality of a pot 



Chapter 2  Pot experiments with woody species – a review 
 

37 

 

experiment. Interestingly, 63.4 % of the reviewed studies did not propose clear hypotheses. Thus, 

pot experiments seemed not to be used to prove explicit hypotheses, but rather to provide a 

general overview of a certain subject such as studying plant response to a great variety of abiotic 

and biotic factors. One reason for not drawing clear hypotheses could be unexpected results or 

problematic implementation of the experiment. In this case, the original intention of the study is 

hardy comprehensible. In case of clear hypotheses, approximately 17.2 % of the studies could 

verify all and 13.1 % some of their proposed hypotheses, whereas 6.1 % of the studies found 

contrary results. In general, explicit hypotheses were expressed more often in studies published 

since the year 2000 (52.3 %) than in older studies (14.3 %). Studies with clearly formed 

hypotheses used older tree seedlings (mean age of 10.4 months in contrast to 8.3 months in 

studies without hypotheses) and longer study duration (12.0 months averaged in contrast to 

6.6 months in studies without hypotheses. Eleven (31.4 %) of the pot studies that tested explicit 

hypotheses conducted additional in-situ measurements, whereas just four (6.3 %) of the studies 

without hypothesis did so. Possibly, the experience gained from previous pot experiments, i.e. 

studying tree seedlings over a longer period or implementing additional in-situ studies, enhance 

the probability of significant results. 

In general, a pot experiment that did not show the requested results should not be 

disadvantageous for the scientists. In any case, sufficient information on the quality of the 

methodology should be given. This benefit of transparency could be helpful for future 

experimental designs as well as for meta-analyses. 

 

 

Supplementary material 

The following supplementary material is available at Forestry online: 

Table S1 Summary of 93 studies describing pot experiments with tree species sorted by the year 

of publication (n/a = not applicable, this information is missing in the literature). 
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Appendix 

Table S1 Summary of 93 studies describing pot experiments with tree species sorted by the year of publication (n/a = not applicable, this information is missing in the 

literature). 

reference species objective 
age 
[month] 

pot volume 
[m³] 

plants per 
pot 

Study duration 
(+ adaption 
time) [months] 

location plants origin 
additional 
in-situ study 

Kramer (1936) 

Fagus grandifolia, 
Fraxinus americana, 
F. pennsylvanica var. 
lanceolata, Liquidambar 
styraciflua, Liriodendron 
tulipifera, Pinus taeda, 
Quercus alba, Q. borealis 
maxima, Q. stellata, 
Robinia pseudoacacia 

growth response to 
light intensity 

0, 12, or 24 
n/a 
(d = 15.24 cm 
or 20.32 cm) 

1 
approx. 30, 
3 growing seasons 

greenhouse n/a no 

McComb and 
Kapel (1942) 

Fraxinus pennsylvanica 
lanceolata, Robinia 
pseudoacacia 

growth response to 
soil acidity and 
fertility 

12 
0.015 
(4 gallons) 

3 to 5 6 greenhouse 
cultured from 
seeds 

no 

Moore (1959) 
Eucalyptus melliodora, 
E. rossi 

growth response to 
competition and soil 
factors 

0 
n/a 
(d = 15.24 cm) 

2 5.75 n/a 
cultured from 
seeds 

no 

Beadle (1962) 

Acacia suaveolens, 
Eucalyptus gummifera, 
E. pilularis, E. saligna, 
Hakea dactyloides, 
Leptospermum 
persiciflorum  

growth response to 
soil phosphate 

n/a n/a 1 5  greenhouse 
cultured from 
seeds 

no 

Kress and Skelly 
(1982) 

Acer saccharum, Fraxinus 
americana, F. pennsyl-
vanica, Liquidambar 
styraciflua, Liriodendron 
tulipifera, Quercus phellos, 
Pinus rigida, P. tadea, 
P. virginiana, Platanus 
occidentalis 

growth response to 
ozone and CO2 

0.75 0.00045 4 1 greenhouse 
cultured from 
seeds 

no 
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Continuation of Table S1 

reference species objective 
age 
[month] 

pot volume 
[m³] 

plants per 
pot 

Study duration 
(+ adaption 
time) [months] 

location plants origin 
additional 
in-situ study 

Oberbauer et al. 
(1985) 

a) Ochroma lagopus, 
b) Pentaclethra macroloba 

growth and physio-
logical response to 
CO2 enrichment 

0 
n/a 
(a) d = 11 cm, 
b) d = 18 cm) 

n/a a) 2, b) 4 
growth 
chamber 

cultured from 
seeds 

no 

Bongarten and 
Teskey (1987) 

Pinus tadea 
growth response to 
soil water contents 

0 0.00064 1 12 greenhouse 
cultured from 
seeds 

no 

Hollinger (1987) 
Nothofagus fusca, Pinus 
radiate, Pseudotsuga 
menziesii 

physiological 
response to elevated 
CO2 

9 0.004 n/a 4 
growth 
chamber 

nursery no 

Fetcher et al. 
(1988) 

Liquidambar styraciflua, 
Pinus taeda 

response of carbon 
exchange rate to 
elevated CO2 

0 0.0036 n/a 15 greenhouse 
cultured from 
seeds 

no 

Gonzáles Cascón 
et al. (1989) 

Abies alba 
growth response to 
base saturation 

12 0.0062 13 18 outdoors n/a no 

Kaushal et al. 
(1989) 

Cedrus atlantica, Pinus 
nigra ssp. laricio var. 
corsicana 

growth response to 
CO2 enrichment 

9 
0.00585 
or 0.006 

1 10 (+1) greenhouse 
cultured from 
seeds 

no 

Michelsen and 
Rosendahl (1990) 

Acacia nilotica, Leucaena 
leucocephala 

growth response to 
drought, phos-
phorous availability, 
mycorrhiza 

n/a 0.0012 1 3 greenhouse n/a no 

Young (1990) 

Acacia confusa, 
A. mangium, Leucaena 
leucocephala, Liquidarnber 
formosana 

growth response to 
mycorrhiza and 
bacteria 

0 0.00025 1 3.4 greenhouse 
cultured from 
seeds 

no 

Colin-Belgrand et 
al. (1991) 

Quercus palustris, 
Q. robur, Q. rubra  

growth response to 
flooding 

4 0.005 1 2.2 greenhouse 
cultured from 
seeds 

no 

Sanginga et al. 
(1991) 

Acacia holosericea, 
Casuarina cunning-
hamiana, Eucalyptus 
camaldulensis, E. grandis, 
E. tereticornis,  
Leucaena leucocephala 

growth response to 
nutrients 

0.5 0.005 4 3 greenhouse 
cultured from 
seeds 

yes 

van der Moezel et 
al. (1991) 

40 Eucalyptus and 20 
Melaleuca species 

growth response to 
flooding and salinity 

4 
n/a 
(d = 25 cm) 

4 
1.2, 2.5, or 2.7 
(+0.5) 

greenhouse 
cultured from 
seeds 

no 
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Continuation of Table S1 

reference species objective 
age 
[month] 

pot volume 
[m³] 

plants per 
pot 

Study duration 
(+ adaption 
time) [months] 

location plants origin 
additional 
in-situ study 

Bunce (1992) 
Acer rubrum, A. sac-
charinum, Quercus prinus, 
Q. robur, Malus domestica 

physiological 
response to elevated 
CO2 

n/a 
n/a 
(d = 15 cm) 

1 n/a outdoors 
cultured from 
seeds 

no 

Curtis and Teeri 
(1992) 

Populus grandidentata 

growth and 
physiological 
response to elevated 
CO2 

1.5 0.0024 1 2.3 
open-top 
chamber 

cultured from 
seeds 

yes 

Pashanasi et al. 
(1992) 

Bactris gasipaes, Bixa 
orellana, Eugenia stipitata 

growth response to 
earthworm 

0 
plastic bags 
(28 x 19 cm) 

n/a 2, 3, or 4 
outdoors 
under an 
open shed 

cultured from 
seeds 

no 

Silvola and 
Ahlholm (1992) 

Salix x dasyclado 
physiological 
response to CO2, 
photosynthesis 

n/a 0.0035 1 4 greenhouse 
cultured from 
cuttings 

no 

Grulke et al. (1993) Pinus ponderosa 
physiological 
response to elevated 
CO2 

n/a 0.0003 1 4 
growth 
chamber 

cultured from 
seeds 

no 

Vivin et al. (1993) 
Quercus petraea, Q. robur, 
Q. rubra 

growth response to 
drought 

24 1.62 40 
n/a 
(+36) 

outdoors and 
semi-open 
greenhouse 

nursery no 

Madsen (1994) Fagus sylvatica 
growth response to 
light intensity and 
soil moisture 

1 0.02 7 15 outdoors 
cultured from 
seeds 

no 

Tognetti et al. 
(1994) 

Fagus sylvatica 

physiological and 
morphological 
responses to light 
intensity and soil 
water content 

36 0.0025 1 4 (+5) 
growth 
chamber 

cultured from 
seeds 

no 

Amundson et al. 
(1995) 

Picea rubens 

effects of foliar 
nitrogen and ex-
posure to ozone on 
foliar carbohydrate 
reserves 

240 0.36 1 4 (+60) outdoors 
excavated 
from natural 
stands 

no 
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Continuation of Table S1 

reference species objective 
age 
[month] 

pot volume 
[m³] 

plants per 
pot 

Study duration 
(+ adaption 
time) [months] 

location plants origin 
additional 
in-situ study 

Barnes et al. 
(1995); Pfirrmann 
et al. (1996) 

Picea abies 
physiological res-
ponse to elevated 
CO2 

60 0.04 3 6 (+24) greenhouse n/a no 

Lippert et al. 
(1996) 

Picea abies 

growth and physio-
logical response to 
ozone and elevated 
CO2 

36 0.04 4 7 (+22) 
growth 
chambers 

cultured from 
cuttings 

no 

Long and Jones 
(1996) 

14 oak species: Quercus 
falcate, Q. hemisphaerica, 
Q. laevis, Q. laurifolia, 
Q. lyrata, Q. margaretta, 
Q. marilandica, Q. nigra, 
Q. nuttallii, Q. pagoda, 
Q. rubra, Q. shumardii, 
Q. stellata, Q. velutina 

growth response to 
soil moisture 

0 0.057 1 12 to 24 outdoors 
cultured from 
seeds 

yes 

Gunatilleke et al. 
(1997) 

8 species of Shorea  
section Doona (Dipte-
rocarpaceae), Sri Lanka 

growth response to 
nutrient addition 

1 to 3 0.0053 1 24 shade house 
cultured from 
seeds 

no 

Tognetti et al. 
(1997) 

Fagus sylvatica 
physiological 
response to light 
intensity 

12 0.0025 1 1 (+0.75) 
growth 
chamber 

cultured from 
seeds 

no 

van Hees (1997) 
Fagus sylvatica, Quercus 
robur 

growth response to 
shading and drought 

0 0.005 5 6 outdoors 
cultured from 
seeds 

no 

Wagner and 
Dreyer (1997) 

Quercus petraea, Q. robur, 
Q. rubra 

physiological 
response to flooding 
and light intensity 

0 0.005 3 4 greenhouse 
cultured from 
seeds 

no 

Gravatt and Kirby 
(1998) 

Quercus alba, Q. nigra, 
Fraxinus pennsylvanica, 
Nyssa aquatic 

physiological 
response to flooding 

12 0.0038 1 1 (+2.75) 
growth 
chamber 

n/a no 

Takahashi (1998) 
Elaeocarpus sylvestris vs. 
ellipticus 

isotopic differences 
between soil water 
and stem water 

n/a 0.0026 1 0.2 
growth 
chamber 

n/a no 
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Continuation of Table S1 

reference species objective 
age 
[month] 

pot volume 
[m³] 

plants per 
pot 

Study duration 
(+ adaption 
time) [months] 

location plants origin 
additional 
in-situ study 

Tognetti et al. 
(1998) 

Fagus sylvatica 
physiological 
response to light 
intensity 

24 0.003 1 20 greenhouse 
cultured from 
seeds 

no 

Agyeman et al. 
(1999) 

16 West African tree 
species 

growth response to 
light intensity 

0.5 to 1.5 0.0034 1 min. 0.75 shade house 
cultured from 
seeds 

no 

Cornelissen et al. 
(1999) 

Acer pseudoplatanus, 
Buddleja davidii, Fagus 
sylvatica, Fraxinus 
excelsior, Ilex aquifolium, 
Prunus laurocerasus, 
Taxus baccata, Ulex gallii 

growth response to 
elevated CO2 

1 0.006 1 2 outdoors 

cultured from 
seeds or 
excavated 
from natural 
stands 

no 

Dalling et al. 
(1999) 

a) Luehea seemannii 
b) Ochroma pyramidale 

growth response to 
light intensity 

0.5 0.008 1 a) 3, b) 2 outdoors 
cultured from 
seeds 

no 

a) Heilmeier et al. 
(2000a); 
b) Heilmeier et al. 
(2000b) 

a) Fagus sylvatica, Picea 
abies, Sorbus aucuparia 
 b) Abies alba, Betula 
pendula, Fagus sylvativa, 
Picea abies 

growth response to 
S and N deposition 

0 n/a 20 or 50 16 
outdoors 
(winter: 
greenhouse) 

cultured from 
seeds 

no 

Löf and Welander 
(2000) 

Fagus sylvatica 
growth response to 
drought 

0 n/a n/a 10.75 or 14 
climate 
chamber 

self cultured 
from seeds 

no 

Wölfle et al. (2000) Picea abies 
growth response to 
nutrients 

24 0.04 2 48 (+15) outdoors 
clonal plants 
(plugs) 

no 

Aspelmeier (2001); 
Aspelmeier and 
Leuschner (2006) 

Betula pendula 
genotypic variation 
in drought response 

6 to 12 0.045 1 3 outdoors 
propagated 
from tissue 
cultures 

no 

Bellingham et al. 
(2001) 

Griselinia littoralis, 
Metrosideros umbellata, 
Weinmannia racemosa 

effect of nitrogen 
fixing shrub on tree 
growth 

12 0.001 1 12 greenhouse 
cultured from 
seeds and 
cuttings 

yes 

Baum et al. (2002) Populus trichocarpa 
growth response to 
mycorrhiza 

12 n/a 1 6 greenhouse 
cultured from 
cuttings 

yes 

Huat et al. (2002) Azadirachta excelsa 

growth and physio-
logical response to 
fertilization and 
mycorrhiza 

6 0.0077 1 4 greenhouse 
cultured from 
seeds  

no 
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Continuation of Table S1 

reference species objective 
age 
[month] 

pot volume 
[m³] 

plants per 
pot 

Study duration 
(+ adaption 
time) [months] 

location plants origin 
additional 
in-situ study 

Rogers and 
Siemann (2002) 

Celtis laevigata , Sapium 
sebiferum 

growth response to 
herbivory and 
resource availability 

2 0.00765 1 3.5 outdoors 
cultured from 
seeds  

no 

Valladares et al. 
(2002) 

Fagus sylvatica, Quercus 
robur 

physiological 
response to light 
intensity 

24 0.04 n/a 4 n/a nursery no 

Weber-Blaschke 
and Rehfuess 
(2002); 
Weber-Blaschke et 
al. (2002) 

Acer pseudoplatanus, 
Fraxinus excelsior 

growth response to 
different nutrients 

12 0.02 3 18 greenhouse nursery no 

Weih and Nordh 
(2002); Weih and 
Nordh (2005) 

14 Salix clones of different 
species 

physiological and 
growth response to 
different light 
intensity and 
nutrient availability 

n/a 0.001 1 1, 3, or 6 outdoors 
cultured from 
cuttings 

yes 

Ammer (2003) 
Fagus sylvatica, Quercus 
robur 

growth response 
and biomass 
allocation to shading 

12 0.002 1 4.5 outdoors nursery no 

Chan et al. (2003) 
Alnus rubra, Pseudotsuga 
menziesii 

growth response to 
light intensity and 
soil moisture, 
biomass allocation 

12 0.2 1 36 outdoors n/a no 

Loh et al. (2003) Ficus benjamina 
growth response to 
limited soil volume 
and soil dilution 

n/a 0.011 or 0.054 n/a 5, 10, or 15 (+0.5) greenhouse 
clonal plants 
(plugs) 

no 

Rogers and 
Siemann (2003) 

Sapium sebiferum (in the 
presence of grass 
vegetation) 

growth response to 
herbivory and 
resource availability 

1 0.009 1 3.5 greenhouse 
cultured from 
seeds  

yes 
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Continuation of Table S1 

reference species objective 
age 
[month] 

pot volume 
[m³] 

plants per 
pot 

Study duration 
(+ adaption 
time) [months] 

location plants origin 
additional 
in-situ study 

Blair and Perfecto 
(2004) 

Albizia guachapele, 
Cedrela odorata, Ceiba 
pentandra, Cordia 
alliodora, Dalbergia retusa, 
Gliricidia sepium, 
Swietenia macrophylla 

growth response to 
soil phosphate 

0 
n/a 
(d = 21 cm) 

1 5 greenhouse 
cultured from 
seeds  

no 

Dehlin et al. (2004) 
Betula pendula, Picea 
abies, Pinus sylvestris 

growth response to 
shading and humus 
fertility, competition, 
and mycorrhiza 

1 0.0002 2 or 4 6 
climate 
chamber 

cultured from 
seeds  

no 

Silva et al. (2004) Eucalyptus globulus 
growth and physio-
logical response to 
drought 

12 0.01 1 2 greenhouse 
cultured from 
cuttings 

no 

Alaoui-Sossé et al. 
(2005) 

Quercus robur 
growth response to 
flooding 

0.5 0.0025 1 0.5, 1, or 1.8 
growth 
chamber 

cultured from 
seeds 

no 

Osunkoya et al. 
(2005) 

Acacia mangium, 
Melastoma beccarianum 

growth response to 
light intensity, 
competition 

1 0.005 
2, 6, 8, 10, 
12, or 14 

6 
outdoors and 
greenhouse 

excavated 
from natural 
stands 

no 

Otieno et al. (2005) 
Acacia tortilis, 
A. xanthophloea 

physiological and 
morphological res-
ponses to drought 

4 0.027 1 12 greenhouse 
cultured from 
seeds 

no 

Saxe and Kerstiens 
(2005) 

Fagus sylvatica, Fraxinus 
excelsior 

climate change, 
competition 

1 
a) 0.00028, 
b) 0.001 

a) 1 or 2, 
b) 2 

4 
outdoors and 
growth 
chamber 

cultured from 
seeds 

no 

Sell et al. (2005) 
Populus canadensis, Salix 
viminalis 

effect of mycorrhiza 
on cadmium uptake 

n/a 0.0015 1 2.75 greenhouse 
cultured from 
cuttings 

no 

Tanner et al. 
(2005) 

Dryobalanops lanceolata, 
Hopea sp., Parashorea 
malaanonan, P. tomentella, 
Shorea beccariana, 
S. fallax, S. falciferoides 
ssp.glaucescens, 
S. johorensis, S. leprosula, 
S. seminis 

growth response to 
competition 

10 0.0028 2 22 shade house 
cultured from 
seeds 

no 
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Continuation of Table S1 

reference species objective 
age 
[month] 

pot volume 
[m³] 

plants per 
pot 

Study duration 
(+ adaption 
time) [months] 

location plants origin 
additional 
in-situ study 

Baraloto et al. 
(2005), Baraloto et 
al. (2006) 

Dicorynia guianensis, 
Eperua falcate, 
E. grandiflora, Goupia 
glabra, Jacaranda copaia, 
Qualea rosea, Recordoxylon 
speciosum, Sextonia rubra, 
Virola michelii 

growth response to 
soil resource 
availability 

0.75 0.006 1 12 shade house 
cultured from 
seeds  

yes 

Parelle et al. (2006) Quercus petraea, Q. robur 
physiological and 
morphological res-
ponses to flooding 

4 0.004 1 1.75 greenhouse 
cultured from 
seeds  

no 

Sanon et al. (2006) Gmelina arborea 
growth response to 
mycorrhiza 

1 
a) 0.001, 
b) 0.05 

1 a) 4, b) 12 greenhouse 
cultured from 
seeds  

no 

Zou et al. (2006) Sapium sebiferum 
effect of Chinese 
tallow tree on soil-
plant system 

1 0.0065 1 4 shade house 
cultured from 
seeds  

no 

Aranda et al. 
(2007) 

Quercus suber 
interaction of light 
and water on water-
use-efficiency 

12 0.003 1 3 greenhouse 
cultured from 
seeds  

no 

Meier (2007) Fagus sylvatica 
growth response to 
drought, genotypic 
variation 

48 7.1 4 21 (+7) outdoors 
excavated 
from natural 
stands 

yes 

a) Schumacher 
(2007; 
b) Schumacher et 
al. (2008) 

different experiments 
with up to 14 tropical 
tree species 

growth response to 
drought and shade 

3 to 6 0.001 1 a) 6.5, b) 4 outdoors 

cultured from 
seeds and 
excavated 
from natural 
stands 

yes 

Willoughby et al. 
(2007) 

Alnus glutinosa, Carpinus 
betulus, Cornus sanguinea, 
Fraxinus excelsior, Prunus 
spinosa, Sorbus aria 

tolerance to 
herbicides 

0 0.001 

16, 19, 
or 20 
(depending 
on species) 

n/a greenhouse 
cultured from 
seeds  

no 

Železnik et al. 
(2007) 

Fagus sylvatica 
growth response to 
ozone and light 
intensity, mycorrhiza 

24 0.03 6 18 outdoors nursery no 
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Continuation of Table S1 

reference species objective 
age 
[month] 

pot volume 
[m³] 

plants per 
pot 

Study duration 
(+ adaption 
time) [months] 

location plants origin 
additional 
in-situ study 

Hata et al. (2010) 
Casuarina equisetifolia, 
Schima mertensiana  

growth response to 
exotic species litter, 
germination 

0 0.0041 300 2 greenhouse 
cultured from 
seeds  

yes 

Jensen and Hansen 
(2010) 

Quercus robur 
(18 provenances from 
northern Europe and 
20 Danish open-polli-
nated families) 

growth responses to 
soil water, genetic 
variation 

0 1.728 114 11 greenhouse 
cultured from 
seeds  

no 

Li et al. (2010) 

Pinus massoniana, 
Camellia oleifera, Cyclo-
balanopsis glauca, Elaeo-
carpus japonicas, Lithocar-
pus glaber, Quercus 
glandulifera, Q. variabilis, 
Rhus chinensis 

growth response to 
competition 

0 0.045 4 7, 19, or 31 n/a 
cultured from 
seeds  

no 

Mangan et al. 
(2010) 

Beilschmiedia pendula, 
Brosimum alicastrum, 
Eugenia nesiotica, 
Lacmellea panamensis, 
Tetragastris panamensis, 
Virola surinamensis 

negative plant-soil 
feedback mediated 
by soil biota 

1 0.004 1 5 shade house 
cultured from 
seeds 

yes 

Mielke and 
Schaffer (2010) 

Eugenia uniflora 
physiological res-
ponse to light inten-
sity and flooding 

18 0.01 10 to 12 1 (+6) n/a nursery no 

Jung (2008) 
a) Betula pendula, 
Quercus robur 
b) Pinus sylvestris 

growth response to 
insect faeces 

a) 12, b) 24 0.012 1 36 outdoors nursery yes 

Toledo-Aceves 
and Swaine (2008) 

Acacia kamerunensis, 
Garcinia afzelii, Khaya 
anthotheca, Nauclea 
diderrichii 

growth response to 
light intensity, 
competition 

4 
a) 0.019, 
b) 0.038 

a) 1, b) 2 12 shade house 
cultured from 
seeds  

no 
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Continuation of Table S1 

reference species objective 
age 
[month] 

pot volume 
[m³] 

plants per 
pot 

Study duration 
(+ adaption 
time) [months] 

location plants origin 
additional 
in-situ study 

Zou et al. (2008) Sapium sebiferum 

competitive ability 
and herbivory 
tolerance of Chinese 
tallow tree 

1 0.0065 2 4 shade house 
cultured from 
seeds 

no 

Haase (2009) 

Fagus sylvatica, Fraxinus 
excelsior, Quercus petraea, 
Picea abies, Pinus 
sylvestris, Tilia cordata 

growth response to 
species diversity, 
composition, and 
density 

12 to 36 0.13 6 or 12 24 outdoors nursery yes 

Reubens et al. 
(2009) 

Quercus robur, Robinia 
pseudoacacia 

growth response to 
mechanical 
stimulation 

12 0.0069 1 4 greenhouse nursery no 

Rose et al. (2009) Fagus sylvatica 
growth response to 
drought, genotypic 
variation 

1 0.002 1 4 outdoors 
cultured from 
seeds  

no 

Hashim and 
Hughes (2010) 

Glochidion obscurum, 
Lagerstroemia speciosa, 
Vitex pinnata 

growth response to 
nutrient addition 

4 0.0031 1 2 outdoors 
cultured from 
seeds  

no 

Yan et al. (2010) 

Armeniaca sibirica, 
Quercus liaotungensis, 
Robinia pseudoacacia,  
Syringa oblata 

physiological 
response to drought 

16 0.0038 1 1.5  greenhouse 
cultured from 
seeds 

no 

Zeugin (2010) 
Anacardium excelsum, 
Luehea seemannii, 
Tabebuia rosea 

effects of tree diver-
sity and competition 
on nutrient uptake 

n/a 0.75 3 23 outdoors nursery yes 

Zhang et al. (2010); 
Zhang et al. (2012) 

Cunninghami lanceolata, 
Liriodendron chinense, 
Pinus massoniana, Schima 
superb  

growth response to 
nutrient availability, 
light intensity, and 
competition 

0.3 0.017 1 6 
semi-open 
greenhouse 

cultured from 
seeds  

no 

Armas and 
Pugnaire (2011) 

Olea europaea, Pinus 
halepensis, Quercus 
coccifera, Q. suber 

effect of below-
ground competition 
on growth/biomass 
allocation 

24 0.0003 1 or 2 12 outdoors 
cultured from 
seeds  

No 
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Continuation of Table S1 

reference species objective 
age 
[month] 

pot volume 
[m³] 

plants per 
pot 

Study duration 
(+ adaption 
time) [months] 

location plants origin 
additional 
in-situ study 

Kohout et al. 
(2011) 

Pinus strobus, Pinus 
sylvestris, Vaccinium 
myrtillus, Vaccinium vitis-
idaea 

effect of mycorrhiza 0 0.0015 5 29 outdoors 
cultured from 
seeds  

no 

Coq et al. (2012) 
Goupia glabra, Hymenaea 
courbaril, Platonia insignis, 
Vochysia tomentosa 

growth response to 
decomposing litter 

5 0.0055 1 14.5 greenhouse 
cultured from 
seeds  

no 

Daud et al. (2012) Hevea brasiliensis 
physiological 
response to insect 

5 0.002 1 5 greenhouse nursery no 

Ding et al. (2012) 
Quercus acutissima, 
Robinia pseudoacacia 

growth response to 
nitrogen deposition 

2 0.011 2 3 greenhouse 
cultured from 
seeds 

no 

Schall et al. (2012) 
a) Fagus sylvatica, 
b) Picea abies 

growth response to 
shade and drought, 
biomass allocation 

a) 1 
b) 2 

0.03 1 31 greenhouse nursery no 

Kawaletz et al. 
(2013) 

Quercus robur, Carpinus 
betulus, Robinia 
pseudoacacia, Prunus 
serotina 

growth response to 
competition, 
biomass allocation 

12 0.065 4 18 outdoors nursery no 
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Methodological discussion of the pot experiment 

In a previous literature review, numerous pot experiments with tree species were analyzed to gain 

helpful information on the correct implementation of the present study (chapter 2). Based on this 

knowledge, I decided to use already established plants to avoid high seedling mortality by self-

culture. The one-year-old nursery grown tree seedlings were similar in size and grew up under 

equal conditions. To study the competition between the tree species and individuals in more 

detail, above- and belowground interactions were investigated separatelty by using a modified 

‘divided pot technique’ (e.g., Donald 1958; McPhee and Aarssen 2001). For this technique, 

vertical partitions were installed that divide root and shoot competition within the pots. All 

species mixtures were randomly attributed to one of the following competition treatments: no 

competition (NC1, NC4), shoot competition (SC), root competition (RC), and full competition 

(FC). The experimental set-up is further described in chapter 1. 

In the NC4 treatment, in which the four plants were completely separated by above- and 

belowground partitions, mortality rate for all species was highest compared to the other 

treatments. Therefore, neither the data of the NC4 treatment nor of the NC1 treatment as 

comparative values were used for the analyses. Significant differences in light availability were not 

considered to be the reason for the high mortality. White partition sheets and diffuse sky 

radiation leveled the light conditions on all four sections of the pot. However, transpiration rate 

could be different for the plants within one pot: In consequence of the aboveground partitions, 

some plants were more affected by direct sunlight than others and, thus, may have a higher 

transpiration rate. For following studies, frequently rotation of all pots should be considered. By 

reasons of the high number of pots, this method was not practicable in the present experiment. 

Although all plants were watered regularly with the same amount of water, differences in soil 

water content could possibly influence plant survival. Due to aboveground partitions, the four 

pot compartments were not equally saturated with rain water. Due to belowground partitions, 

water was not evenly distributed in the pot. To ensure homogeneous soil water content after 

rainfall, a special porous membrane could be used allowing nutrients and water to pass but 

preventing root passage in adjacent pot compartments (McPhee and Aarssen 2001). 

Unexpectedly, shoot competition had no significant effect on tree growth in the pot experiment.  

Plants often showed lateral shoot growth across the rim of the pot in order either to compensate 

the restricted aboveground space due to partitions or to prevent shoot intermingling and 

competition in pots without aboveground partitions. Donald (1958) avoided the problem of 

lateral growth of grass species by installing a cylinder around the pot that enclosed the whole 

plant and limited its expansion on the pot’s area. However, the installation of outer cylinders 
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could affect plant growth by inhibiting airflow and altering light quality and quantity (McPhee and 

Aarssen 2001). Thus, by creating an unrealistic environment, the installation of cylinders does not 

demonstrate an ideal solution to study the effect of shoot competition. 

The high growth increment of both exotic species could be another reason, why the exclusion of 

aboveground competition did not work: Mean seedling height at the end of the study was 

146.40 cm for R. pseudoacacia and 136.08 cm for P. serotina, i.e. both species managed to overtop 

the partitions that had a height of 1 m. The high dimensions of tree species – even of tree 

seedlings – cause problems when measuring aboveground (and belowground) competition. For 

gaining significant results in following studies, either higher partitions to fully prevent plant 

interactions aboveground or studying younger seedlings should be considered. Mesh partitions 

would prevent tree seedlings from growing together but would not prevent from shading each 

other. Another possible method to avoid shoot competition between herbaceous plants is to tie 

back the aboveground neighboring vegetation (e.g., Cahill 1999; Rajaniemi et al. 2003; Lamb et al. 

2009). There is no evidence that this method affects the belowground competitiveness of 

neighboring roots. However, tying back the aboveground parts of competing plants would 

probably damage the tree bark and, thus, is not an appropriate method for tree species except for 

very young seedlings without woody stems. 

Not only shoot growth but also root growth of R. pseudoacacia and P. serotina was higher than 

expected. Belowground partitions seemed to allow slight root competition since the total biomass 

of native seedlings mixed with one of the exotic species was lower than in monocultures even in 

the nRC treatment. Thus, the installed belowground partitions did not succeed in fully preventing 

root competition since both exotic species occupied the whole rooting volume and even grew in 

the narrow space between pot and partition. For completely isolating the pot compartments, 

a water-resistant silicone sealing could be applied. A bigger pot size could have improved the 

separation of the plants in the sections by providing a higher amount of available resources and 

the exotic species would have had no need to expand in the neighboring root compartment. In 

larger pots, though, plants would have no need to compete for a longer time and therefore long-

term studies would be necessary to get visible results. However, if the two treatments in which 

the tree seedlings were exposed to root competition (i.e. RC and FC) are pooled and compared 

with the treatment excluding root competition (i.e. SC), a significant influence of root 

competition can be found. In all data analyses, I therefore contrasted ‘root competition’ (RC) 

with ‘no root competition’ (nRC).  

Despite these deficits, the pot experiment revealed important results regarding the influence of 

root competition on biomass production and biomass allocation: The study demonstrated that 

the growth of the less competitive native tree seedlings was additionally affected by the root 
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competition of superior exotic species. This finding would have been difficult to detect under 

field conditions, where destructive harvests are less applicable. Possibly, effects of shoot 

competition on tree growth could be underestimated due to the deficient aboveground partitions. 

This factor should be further investigated in future studies. 

 

 

Competitive advantages of P. serotina and R. pseudoacacia 

Several studies tried to explain which factors determine the competitiveness of plants under 

different environmental conditions. Following Grime (1977) and Tilman (1982), plants are 

successful competitors by maximizing the resource uptake and, thus, rapidly depleting a resource. 

Goldberg (1990) broadened this idea and stated that plants can be superior competitors either by 

the ability to rapidly reduce resource availability, or by the ability to continue growth under low 

resource levels. This concept characterized the competitiveness of plant species either by the 

suppressive strength of one species on another, or by the extent to which a species is influenced 

by the presence of competitors. Another current approach – developed for exotic plant invaders 

– is based on the phenotypic plasticity as a reason for high competitiveness and, thus, 

a successful plant invasion (Richards et al. 2006). Due to phenotypic plasticity, a plant invader 

could either be (1) a ‘Jack-of-all-trades’ species, having the ability to maintain fitness under 

unfavorable conditions, (2) a ‘Master-of-some’ species, with the ability to enhance fitness under 

favorable conditions, or (3) a ‘Jack-and-master’ species, by combining elements of (1) and (2). 

Referring to the species of this study, the seedlings of Q. robur and C. betulus obviously were the 

less competitive species in mixtures with the exotic species. After Goldberg (1990), both species 

had a low competitiveness since they did not suppress the growth of the admixed species but, in 

contrast, were strongly affected by the presence of the exotic competitors. According to the 

concept of Richards et al. (2006), seedlings of R. pseudoacacia and P. serotina can be characterized as 

a ‘Jack-and-master’ species based on the ability to increase fitness and rapidly spread in favorable 

environments on the one hand and to maintain fitness even under unfavorable conditions. 

R. pseudoacacia is a light demanding pioneer species that has a high competitiveness in early 

successional stages (Huntley 1990). Under adequate light conditions, it grows rapidly on 

appropriate sites and, furthermore, occurs on poor soils due to its ability to fix nitrogen. Juvenile 

P. serotina is known for its ‘sit-and-wait’ strategy (‘Oskar syndrome’) meaning that it is able to 

survive under shady conditions and to grow rapidly when light conditions improve (Closset-

Kopp et al. 2007). Both the abilities to rapidly deplete a resource and to continue growth under 

inappropriate conditions turn R. pseudoacacia and P. serotina into successful competitors that 

suppress co-occurring species and are just slightly influenced by the presence of other 
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competitors (Sabo 2000; Pairon et al. 2006; Closset-Kopp et al. 2007; Motta et al. 2009; Closset-

Kopp et al. 2011). 

Among other biological traits, a considerably faster growth rate and higher biomass production 

are regarded as a main reason for the predominance of plant invaders (e.g., Rejmánek and 

Richardson 1996; Alpert et al. 2000; Pyšek et al. 2009). In the pot experiment, both exotic species 

showed a significantly higher biomass production resulting in a strong suppression of Q. robur 

and C. betulus (chapter 3). Mean plant biomass of both native species decreased significantly when 

they were admixed to one of the non-native species. Additionally, growth and biomass 

production of Q. robur and C. betulus were reduced further when exposed to belowground 

competition by the exotics. I found most of the available rooting volume in the pot being 

occupied by one of the exotic species. By occupying the rooting space of the native species, 

P. serotina and R. pseudoacacia received supplemental resources, while the rooting capacity, i.e. the 

access to available water and nutrients, for Q. robur and C. betulus was strongly restricted (Aerts et 

al. 1991; Robinson et al. 1999). In contrast to P. serotina and R. pseudoacacia, which are known to 

have an extensively spreading root system (Huntley 1990; Marquis 1990), Q. robur and C. betulus 

have a low competitive ability belowground (Rewald and Leuschner 2009). The data showed that 

the inferior, i.e. less competitive, native species managed to increase their biomass production 

when superior root competition was excluded by partitions in the pot. Thus, even a spatially 

restricted rooting volume seemed to provide better growing conditions than direct root 

competition by an exotic invasive species. 

Furthermore, under strong belowground competition, inferior native species allocated a higher 

proportion of biomass to the roots (chapter 4). This is in accordance with the ‘balanced-growth 

hypothesis’ (Shipley and Meziane 2002) stating that plants have to allocate biomass preferentially 

to the roots in case of belowground competition to increase the capture of limiting water and 

nutrients. A greater allocation to the roots is achieved at the expense of a reduced biomass 

allocation to aboveground compartments (Coomes and Grubb 2000). Not only the native but 

also the non-native species of the study showed plasticity in biomass allocation to compensate 

limited resources in case of interaction with strong competitors (Claridge and Franklin 2002). For 

invasive species, adaptive plasticity is an important attribute to successfully establish in new 

regions and to outcompete the native vegetation (Davidson et al. 2011). Van Kleunen et al. 

(2010) confirmed the positive correlation between different biological traits such as biomass 

allocation, growth rate, and invasiveness. 

Apart from a higher biomass production and plasticity in biomass allocation, other competition 

mechanisms were found to favor the strong competitiveness of exotic plant invaders. I could 

observe an earlier leaf development of both exotic species compared to the native trees (Figure 
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2A). Approximately 90 % of the leaves of P. serotina already appeared in the second half of March 

2011, i.e. two weeks before leaf flushing of R. pseudoacacia and four weeks earlier in comparison to 

both native species. In the literature, early flowering of shade intolerant P. serotina is regarded as 

a possibility to utilize full light availability. In general, P. serotina takes advantage of the absent 

overstory canopy and develops its leaves in early spring (Godefroid et al. 2005). That way, 

seedlings of P. serotina are able to persist even under shady conditions for several years (Horsley 

and Gottschalk 1993). Leaf coloring and subsequent leaf fall of the exotic species differed as well 

from the native species. It began relatively early for R. pseudoacacia, but was latest for P. serotina 

(Figure 2B). Based on its early leaf flushing and the late leaf fall, P. serotina could extend its 

individual growing period by several weeks compared to Q. robur and C. betulus. Early and 

extensive flowering and fructification is regarded as another important trait of invasive exotic 

species (Williamson and Fitter 1996; Pyšek and Richardson 2007). Early seed production is 

confirmed by the literature for both species: After Huntley (1990), R. pseudoacacia starts flowering 

at the age of six and P. serotina at the age of six (Marquis 1990) or ten (Kowarik 2010). In the pot 

experiment, seedlings of P. serotina and R. pseudoacacia started flowering and seed production 

already at the age of three.  

 

 

Figure 2 (A) Leaf flushing in spring 2011 and (B) leaf coloring or leaf fall in autumn 2010 of the four tree 

species. Leaf flushing in 2010 is biased due to the planting impact and, thus, shows slightly divergent 

results.  
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Stress tolerance of P. serotina and R. pseudoacacia 

A lot of plant invaders such as P. serotina and R. pseudoacacia mainly occur in early successional 

stages subsequent to disturbances and show typical attributes of pioneer species, i.e. rapid growth 

and dispersal (Abrams and Mostoller 1995; Rice et al. 2004; von Holle et al. 2006; Closset-Kopp 

et al. 2007). However, the presence of exotic plants often depends on periodic disturbances, 

i.e. absent disturbances lead to a decreasing abundance or even extinction of many non-native 

species (Closset-Kopp et al. 2007). There is evidence that the traits of early successional pioneer 

species are achieved at the expense of other plant attributes, e.g., shade tolerance, which are 

important to become predominant in later seral stages (Martin et al. 2010). Accordingly, the 

results indicated that exotic species may have a generally higher sensitivity to environmental 

stress. In the pot experiment, P. serotina and R. pseudoacacia showed a higher mortality rate 

compared to both native species due to not further defined factors. There were neither significant 

differences between both competition treatments RC and nRC (data not shown) nor between the 

species mixtures with the exception of P. serotina in the RC treatment (Table 2). Averaged for all 

competition treatments and species mixtures, mortality rate was highest for P. serotina (45 %), 

24 % for R. pseudoacacia, 13 % for Q. robur, and lowest for C. betulus (10 %) (P < 0.001, χ2-test). 

Thus, both exotic species seemed to have a lower tolerance to environmental changes after 

transplanting such as the irrigation system, the light availability in the experiment, herbivore 

attacks, or other factors. 

 

Table 2 Mortality rate [%] of all tree species in the different mixtures with (RC) or without (nRC) the 

influence of root competition. P-values indicate significant differences between the species mixtures in the 

RC and nRC treatment (χ2-test, two-sided, * P < 0.05, ** P < 0.01, *** P < 0.001). 

 mixed with  

species Q. robur C. betulus R. pseudoacacia P. serotina P 

Q. robur 
RC  6.25 12.50 17.50 15.00 0.126 

nRC 16.67 10.00  7.50 17.50 0.448 

C. betulus 
RC  8.75 14.58  7.50 10.00 0.429 

nRC  5.00  4.17 17.50 15.00 0.091 

R. pseudoacacia 
RC 25.00 21.25 34.38 25.00 0.228 

nRC 10.00 20.00 16.67 32.50 0.078 

P. serotina 
RC 41.25 37.50 37.50 60.42     0.004 ** 

nRC 45.00 60.00 30.00 43.75 0.063 

 

 

While R. pseudoacacia is well adapted to drought conditions (Sabo 2000; Grünewald et al. 2009; 

Rédei et al. 2012), P. serotina is described as intolerant to drought (Juhász et al. 2009) and to 

waterlogging (Closset-Kopp et al. 2011). On sites deviating from the optimal range, P. serotina is 
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not able to provide enough energy for a rapid height growth and fructification (Closset-Kopp et 

al. 2011). In the future, flood and drought events are expected to occur more frequently as 

a consequence of climate change (Lehner et al. 2006). Both environmental disturbances are 

typical abiotic stressors that affect physiology and growth of most terrestrial plant species 

(Kozlowski 1997; Glenz et al. 2006; Copolovici and Niinemets 2010; Loreto and Schnitzler 

2010). To prevent further spreading of invasive species, knowledge on potential weaknesses of 

exotic species can be useful. Hall and Smith (1955) as well as Roloff et al. (1994) stated that 

P. serotina responds very sensitive to flooding and another study on black cherry showed 

decreasing production with increasing soil moisture (Marquis 1990). Accordingly, Brehm (2004) 

found water retention to be one of the most effective measures against P. serotina. In contrast, 

literature shows that co-occurring native species such as Q. robur would be most likely less 

negatively affected by anaerobic soil conditions (Dister 1981; Blom 1999; Kreuzwieser et al. 

2004).  

Against this background, the stress tolerance of 3-year-old seedlings of native Q. robur and 

invasive P. serotina to flooding and drought was tested in cooperation with the Institute for 

Atmospheric and Environmental Sciences/Aerosol and Environmental Research of the 

J. W. Goethe University in Frankfurt/Main (JProf. Dr. B. Bonn, E. Bourtsoukidis) and the 

Department of Forest Zoology and Forest Conservation of the Georg-August University in 

Göttingen (Prof. S. Schütz). Flood and drought can influence the primary and secondary 

metabolism of plants leading to changed emissions of volatile organic compounds (VOC) 

(Loreto and Schnitzler 2010). The emission of VOC can be used as an indicator for plant stress 

since type and amount of VOC can be altered by a great variety of stressors (e.g., Holzinger et al. 

2000; Rottenberger et al. 2008; Jansen et al. 2009; Loreto and Schnitzler 2010). In a joint 

experiment, a novel cuvette enclosure approach was used to find differences in VOC emission of 

the two tree species depending on stress type and stress intensity. In a climate chamber – under 

controlled conditions – potted individuals of both species were exposed either to ‘flood’, 

‘drought’, or ‘control’ treatments. The VOC emission rates were derived using proton-transfer-

reaction mass spectrometry (PTR-MS) and gas chromatography-mass spectrometry (GC-MS) 

techniques. Additionally, chlorophyll fluorescence and CO2 uptake were measured for all tree 

seedlings. The hypothesis was tested that under stress conditions, Q. robur would have 

a competitive advantage over rather superior P. serotina due to its higher tolerance to flooding and 

drought. In the experiment, the emission of acetaldehyde along with a reduced chlorophyll 

fluorescence and CO2 uptake indicated a strong sensitivity of black cherry to water stress, 

whereas seedlings of pedunculate oak remained unaffected (Bourtsoukidis et al. 2013). 

Accordingly, P. serotina cannot be found in the frequently flooded parts of the hardwood 
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floodplain forests of the biosphere reserve ‘Valle del Ticino’ (pers. comm. Annighöfer 2012). 

Drought stress similarly reduced VOC emission, chlorophyll fluorescence, and CO2 uptake of 

both species based on stomata closure to prevent excessive transpiration (Loewenstein and 

Pallardy 1998; Loreto and Schnitzler 2010). Nevertheless, Q. robur emitted a significantly higher 

amount of isoprene that serves as a thermo protective compound and, thus, will benefit plant 

performance under drought conditions (Sasaki et al. 2007). Hence, invasive P. serotina has a 

competitive advantage in intact environments due to its high growth rate and other biological 

traits. However, especially under flood conditions, native Q. robur seems to have an advantage 

over P. serotina. The high mortality rate of P. serotina in the pot experiment along with the 

reactions to flooding and drought conditions indicate a higher susceptibility to environmental 

stressors.  

 

 

Conclusions and outlook 

It was found that the native species Q. robur and C. betulus were much less competitive than the 

dominating R. pseudoacacia and P. serotina – this result of the pot experiment corresponds with the 

situation in the biosphere reserve. The most important competition mechanism leading to the 

predominance of the exotic species was their significantly higher biomass production. It was 

evident that the native tree seedlings were clearly inferior – especially when they are exposed to 

root competition by the exotic species. Accordingly, Q. robur and C. betulus managed to increase 

their biomass production when root competition was excluded. Thus, not only aboveground 

competition but also root competition seems to play an important role for interacting native and 

exotic tree species. Mechanical control measures, i.e. felling of exotic individuals, reduce 

aboveground competition but do not necessarily affect root competition. Using its extensive and 

undamaged root system, P. serotina for instance, is able to develop numerous shoots by latent 

buds in the stump (Closset-Kopp et al. 2007). The resprouting ability of P. serotina seems to be 

promoted by felling (Annighöfer et al. 2012b). Thus, since most of the mechanical, chemical, and 

biological control measures do not show satisfying results, it could be more promising to keep 

natural succession unaffected with chance that the abundance of invasive species decreases 

gradually. The relatively high sensitivity to environmental stress (i.e. flooding, drought, shade) of 

some exotic species – indicated as well by the higher mortality rate in the pot experiment – could 

offer possibilities to control exotic tree invasions. High growth rates of most early successional 

invasive tree species are achieved at the expense of other traits such as shade tolerance, which are 

important to become predominant in later successional stages (Martin et al. 2010). Silvicultural 
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management that allows natural succession could lead to a decreasing abundance of shade 

intolerant invasive species like P. serotina. Accordingly, Starfinger (1997) states that the dominance 

and abundance of black cherry is decreasing with proceeding succession. 

In a revised experimental set-up further research could be done on the aboveground competition. 

Due to the described deficits, influence of shoot competition on tree growth could be 

underestimated. Besides, it would be worth investigating the competition effects under different 

light conditions. Q. robur, R. pseudoacacia, and P. serotina are all light demanding species. It would be 

an interesting question how competitiveness of each species would change under shade 

conditions. Further research could be also done on the stress tolerance of exotic species by 

conducting flood and drought treatments in a long-term experiment. The short-time experiment 

studying VOC emission revealed important results on the potential vulnerability of plant 

invaders.  
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