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ABSTRACT

This paper provides a first economic analysis of liquid staking tokens, which are derivatives representing a share of staked

tokens in Proof-of-Stake blockchains. We document substantial time-variation in the “liquid staking basis” as given by the price

difference between a derivative staking token and its underlying cryptocurrency. We find evidence that staking rewards,
concentration risks, limits to arbitrage, and behavioral factors influence this basis. The liquid staking basis is wider when the
yields offered by the liquid staking protocol are low relative to the alternative of staking directly, when cryptocurrency returns

are more volatile, and when secondary market liquidity is low. In contrast, it is smaller when investors pay more attention to

liquid staking and when investor sentiment is positive. Furthermore, liquid staking tokens contribute a significant and overall

growing amount to price discovery in the underlying cryptocurrencies.

JEL Classification: G12, G13, G15, G23

1 | Introduction

This paper provides a first empirical investigation of the eco-
nomics of liquid staking tokens, which are derivatives repre-
senting a share of staked tokens in Proof-of-Stake (PoS)
blockchains. The PoS mechanism has become a popular
alternative to the energy-intensive Proof-of-Work (PoW)
mechanism. While the latter is used by Bitcoin and other
cryptocurrencies, the market share of PoS blockchains such as
Ethereum and Solana has increased substantially over the
recent past. In these blockchains, the integrity of new transac-
tions is verified by network participants called validators that
append the transactions to the blockchain and are rewarded in
the form of newly minted coins or transaction fees. The vali-
dators are incentivized to behave honestly by a requirement to
have financial stake in the network which they stand to lose
should they break the protocol's rules. By design, this reduces
liquidity as the posted stake has to be locked up for a specific
period, which makes it unavailable for other applications.

In direct staking, validators deposit the stake directly within the
protocol and hence suffer from the reduced liquidity. Liquid staking
providers address this by introducing derivative tokens that repre-
sent a share of a pool of staked assets. Liquid staking as an alter-
native to direct staking thus provides a layer of intermediation,
offering several advantages. First, the liquid staking tokens
can be traded or used as collateral in decentralized lending
platforms. Second, liquid staking tokens can be sold in the sec-
ondary market, sometimes without any lock-up period. Third, lig-
uid staking typically does not have minimum stake requirements
and thus lower barriers to entry. However, there are some draw-
backs compared to direct staking. Liquid staking providers keep
parts of the rewards, thus decreasing staking yields and increasing
yield volatility. Additionally, there are concentration risks if a single
provider controls a significant share of the staked amount. Fur-
thermore, the staking platforms may be vulnerable to attacks.

The market capitalization and trading activity of liquid staking
tokens have recently seen substantial growth. For example, the
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market capitalization of the largest liquid staking token at the
time of writing, Lido Staked Ether, has grown from about USD
20 million in January 2021 to USD 15 billion in July 2023,
accounting for more than 30% of all deposited stake in Ether-
eum. However, even though the market for liquid staking
tokens has grown significantly, little is known about the tokens'
price dynamics.

In this study, we attempt to fill this gap by examining the
tokens' pricing and their contribution to the price discovery
process of the underlying cryptocurrencies. We start our
investigation by studying price differences between the deriva-
tive liquid staking tokens and the underlying cryptocurrencies,
referred to as the “liquid staking basis”. Building on the liter-
ature on the pricing of other derivatives, we then look at the
potential determinants of this basis. We find that four aspects
are particularly relevant for the relative pricing of liquid staking
tokens: Staking rewards, concentration risks, limits to arbitrage,
and behavioral factors. For staking rewards, we find that the
basis is wider when liquid staking offers relatively low yields
compared the alternative of staking directly. We also find that
an increase in concentration risk is associated with a wider
basis, suggesting that traders are aware of this risk. Regarding
limits to arbitrage, our findings suggest that the basis is
inversely related to the secondary market liquidity of staking
tokens, consistent with the notion that low liquidity hinders the
activity of arbitrageurs. In particular, the basis increases when
decentralized exchange fees or centralized exchange bid-ask
spreads increase. Similarly, funding illiquidity as measured by
forced liquidations due to margin calls is positively related to
the magnitude of the basis. For the behavioral factors, we find
that the basis is smaller when investors pay more attention to
liquid staking. Additionally, market sentiment plays an impor-
tant role as the basis is substantially wider when the implied
volatility of other cryptocurrency derivatives is higher.

While liquid staking tokens have a different economic function
than cryptocurrency futures contracts, their pricing in relation
to the underlying asset may exhibit similarities. To study this
aspect, we compare the liquid staking basis to the futures-spot
basis. We find that there is some overlap between the de-
terminants of the two bases, although they are not identical due
to differences in market structure and maturity.

Finally, we consider how the liquid staking tokens contribute to
the price discovery process of the underlying cryptocurrencies.
Using information shares, we find that - compared to the spot
and futures market - these derivative tokens contribute a sig-
nificant and growing amount to price discovery, which suggests
an increase in importance of the tokens within the DeFi
ecosystem.

Our findings bear significant implications for traders and DeFi
market participants. A comprehensive understanding of the
pricing dynamics of these derivative tokens is of paramount
importance for effective risk management. Likewise, our find-
ings are relevant for financial regulators aiming at efficiently
regulating cryptocurrencies and related assets, especially since
liquid staking tokens played a prominent role in the turmoil in
cryptocurrency markets starting May 2022 and may thus have
implications for systemic risk within decentralized finance.

We contribute to three related streams within the literature.
Firstly, we contribute to the literature on the economics of
different blockchain consensus mechanisms by empirically ex-
amining a potentially important mechanism for adding liquidity
to PoS networks. Within this stream, Saleh (2021) and Rosu and
Saleh (2021) investigate the equilibrium characteristics of the
PoS consensus mechanism. Cong, He, and Tang (2022), Choi,
Jeon, and Lim (2023), and John, Rivera, and Saleh (2021) for-
malize the trade-off between holding tokens in a liquid account,
thus earning convenience yields for example by using them for
economic transactions, and staking the tokens to earn rewards.
Sapkota and Grobys (2021) document that PoS cryptocurrencies
on average have similar returns to those utilizing the PoW
consensus mechanism. Milunovich (2022) looks at linkages
between cryptocurrencies using different consensus mecha-
nisms and finds that PoS currencies on average are not as
strongly connected to other cryptocurrencies than those using
PoW. Explicitly considering liquid staking, Gogol et al. (2024)
classify liquid staking providers and analyze the performance of
major liquid staking derivatives. Lastly, Tzinas and Zindros
(2024) investigate the principal-agent conflicts that can emerge
in liquid staking due to the liquid representation of the pooled
delegation of stakes to validators. They outline potential attacks
that exploit this problem and suggest ways to make liquid
staking systems more robust.

Secondly, we contribute to the literature on cryptocurrency
derivatives, which has mostly been focused on futures con-
tracts.' Looking at price differences between Bitcoin futures and
spot markets, Hattori and Ishida (2021) show that these
potential arbitrage opportunities are rare during calm periods,
but more common during market crashes. Schmeling,
Schrimpf, and Todorov (2023) examine the futures-spot basis in
cryptocurrency markets, called crypto carry, and show that it is
volatile and large in magnitude. They also identify the behavior
of retail investors and scarce arbitrage capital as important
determinants of this basis. Several studies investigate the con-
tribution of the futures market to the price discovery process.
While Corbet et al. (2018) and Baur and Dimpfl (2019) find that
the spot market leads price discovery of the underlying asset,
subsequent studies conclude that futures markets contribute
significantly to the price discovery process (Kapar and
Olmo 2019; Aleti and Mizrach 2021; Hu, Hou, and Oxley 2020;
Alexander et al. 2020a; Alexander and Heck 2020). Entrop,
Frijns, and Seruset (2020) document time-variation in the
contribution of the futures market to the price discovery of
Bitcoin and identify trading costs, volume, sentiment, uncer-
tainty, and the size of a trade to be relevant determinants of
price discovery. De Blasis and Webb (2022) compare the market
structure of quarterly and perpetual futures contracts, which
are mostly unique to cryptocurrency markets, and find return
spillovers between both types of contracts as well as arbitrage
opportunities. We contribute to this stream of the literature by
investigating a new type of liquid cryptocurrency derivative and
its contribution to the price discovery process of the underlying
cryptocurrencies.

Thirdly and more generally, we contribute to the literature on
decentralized finance. Important components of DeFi such as
stablecoins (Griffin and Shams 2020; Hoang and Baur 2021;
Grobys et al. 2021), decentralized exchanges (Lehar and
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Parlour 2021; Aspris et al. 2021; Lo and Medda 2021), and de-
centralized lending platforms (Chiu et al. 2023; Lehar and
Parlour 2022) have already been investigated in the literature.
For many DeFi market participants, liquid staking tokens now
form an essential part of their strategies, for example by using
the staking tokens as collateral when taking out cryptocurrency
loans. Understanding their price dynamics is hence crucial for
DeFi market participants.

The rest of the paper is organized as follows. Section 2 provides
the technological and institutional background of liquid stak-
ing. Section 3 develops the hypotheses. Section 4 introduces the
data and the empirical methodology. Section 5 shows the
development of the liquid staking basis and investigates its
potential determinants. Section 6 illustrates the staking tokens'
contribution to price discovery and Section 7 concludes.

2 | Institutional Background
2.1 | Proof-of-Stake and Liquid Staking

Cryptocurrencies and other digital assets have increased sig-
nificantly in both popularity and market capitalization since
they first emerged. There are now thousands of different such
digital assets available. One of the main properties that distin-
guishes different decentralized cryptocurrencies is how the
respective network agrees on the correct version of the dis-
tributed ledger that keeps track of all transactions or balances.
Some networks, such as Bitcoin, use the PoW consensus
mechanism where miners solve complex but otherwise mean-
ingless mathematical puzzles. The most popular alternative to
the energy-intensive PoW mechanism is PoS, used by crypto-
currencies such as Solana, Cardano, and, more recently,
Ethereum. (Irresberger et al. 2020).

In PoS, transactions are verified by randomly chosen validators.
To participate, validators have to deposit a number of coins as
stake, which are locked up for some time to incentivize the
validators to behave honestly since they stand to lose the locked
value should they compromise the blockchain. The probability
of being chosen as validator generally increases in the amount
deposited as stake.” In return, the validators receive some
reward. Depending on the design of the blockchain, this reward
typically contains two components. Firstly, validators receive
the relatively stable consensus layer reward for attesting
transactions in the form of newly minted coins. Moreover,
rewards include the more volatile execution layer reward in the
form of transaction fees and maximal extractable value (MEV),
i.e., the profits that can be extracted from a proposed block by
ordering and sequencing the transactions.

By design, the process of locking up the stake reduces liquidity,
since the amount cannot be used for any other purpose (Cong,
He, and Tang 2022; Choi, Jeon, and Lim 2023). Moreover, there
are technological and financial barriers for network participants
to participate in the validation process directly. While contrary
to PoW, becoming a validator does not require highly special-
ized hardware, it still requires detailed technical knowledge.
Furthermore, in some cases a minimum amount has to be
staked which may be prohibitively high for smaller network

participants. For example, to become a validator in Ethereum, a
stake of at least 32 Ether (ETH) is required (Grandjean,
Heimbach, and Wattenhofer 2023).

To address these issues, there are several alternatives to direct
staking.® In staking-as-a-service, a user deposits her stake with a
third party that runs and maintains the staking infrastructure
for a fee. This process requires a high level of trust in the third
party and does not address the liquidity reduction stemming
from the locked-up stake. Similarly, several centralized cryp-
tocurrency exchanges allow users to stake deposited tokens.*
The exchange then operates its own validation infrastructure or
forwards the stake to third parties. Correspondingly, this pro-
cess is usually custodial, requiring users to hand over control of
their funds to the exchange as in staking-as-a-service. In pooled
staking, several users pool their stake and validate transactions
without managing individual validator infrastructures. To this
end, pools may operate their own staking infrastructure or
distribute the stake among one or multiple third parties oper-
ating such infrastructures. Pooled staking can be custodial or
non-custodial. In the former, users have to hand over control of
the stake to the pool operator, similar to staking with a cen-
tralized exchange. The latter is facilitated by smart contracts
where the pool operator cannot access the funds of the pool
participants.

In this paper, we investigate a popular form of non-custodial
pooled staking: liquid staking. Interested parties transfer their
coins to the smart contracts of these services which then pool
the stakes and distribute them among a set of validators. In
return, users of these services receive derivative tokens that
represent their share in the staking pool. As investors stake and
unstake their positions, the liquid staking provider mints and
burns (i.e., creates and deletes) these liquid staking tokens.
Liquid staking providers can either be centralized entities or
decentralized autonomous organizations (DAOs), each with
different governance mechanisms.’

The incurred staking rewards, both in terms of the block
rewards for successfully validating a block and in terms of the
fees paid by users to have their transactions included in a
block, are used to cover the expenses of the service providers
and of the validators. The remainder is paid out to those
providing the stake. The value of the positions of those holding
liquid staking tokens hence increases over time, although the
exact payout mechanics differ between liquid staking protocols
and generally fall into three categories. Some protocols use
rebasable tokens where rewards are paid out by increasing the
total supply of liquid staking tokens outstanding and propor-
tionally distributing these newly issued tokens among the
staking participants. The prices of rebasable tokens hence do
not increase due to the rewards; instead, the token balances of
liquid staking participants increase over time. While intuitive,
the downside of this approach is a reduced compatibility with
other DeFi applications as not all support rebasable tokens. In
contrast, for reward-bearing liquid staking tokens, each token
reflects the same share of a pool that increases in value as
rewards are added to the pool. An individual token hence
appreciates in value over time, mechanically increasing its
price in the secondary market. Some protocols offer both re-
basable and reward-bearing tokens which can be exchanged
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FIGURE1 | Staked amount in Ethereum. Note: These graphs show the total staked amount in Ethereum. The six largest staking services during
the sample period are shown individually. Others includes all other forms of staking, including direct staking. The individual areas are stacked. The
staked amount is given in Ether and USD in the top and bottom graph, respectively. [Color figure can be viewed at wileyonlinelibrary.com]

via a smart contract in a process called “wrapping” and “un-
wrapping”. Finally, a less common payout mechanic is that of
a dual token model where rewards are paid out in the form of a
separate token. Liquid staking participants thus hold two types
of tokens, one reflecting their share of the stake and one for
the rewards.

In general, liquid staking tokens can increase liquidity in two
ways: Firstly, the derivative tokens can themselves be traded on
centralized or decentralized exchanges or used in DeFi appli-
cations, for example as collateral for cryptocurrency loans on
decentralized lending platforms. Liquid staking tokens hence
allow market participants to obtain some convenience yields
while simultaneously earning staking rewards, reducing the
typical trade-off between the two as discussed for example in
Cong, He, and Tang (2022) and Choi, Jeon, and Lim (2023).
Secondly, some liquid staking services allow token holders to
immediately (i.e., without any lock-up period) withdraw their
stake for a fee.

However, liquid staking also comes with risks. In particular,
liquid staking adds another layer of intermediation
which introduces smart contract risk, as the liquid staking
protocol itself may be vulnerable to attacks. Furthermore, the
liquid staking tokens and the venues where these can be
traded potentially suffer from liquidity and counterparty
risk while the yields - or rather the yield difference to staking
the underlying asset directly — are volatile. Investors hence
have to trade-off these risks and the benefits of the added
liquidity.

2.2 | The Market for Liquid Staking Derivatives

Two of the largest liquid staking service providers are Lido and
Marinade.® Lido offers staking services for various crypto-
currencies, including Ethereum, Solana, Polygon, and Polkadot,
whereas Marinade specializes in offering services for Solana. At
the time of writing, the two largest markets for liquid staking
tokens are Ethereum and Solana.

The market for liquid staking tokens has grown substan-
tially over the recent past. The aforementioned example,
Lido Staked Ether (stETH), has grown from about USD
20 million in January 2021 to USD 15 billion in July 2023.
However, the importance of liquid staking tokens has
increased not only in absolute terms, but also relative to the
overall amounts staked on the various blockchains. Figure 1
illustrates the amount staked during the sample period of
our study. Staking services, including both custodial and
non-custodial services, constitute the majority of staked
Ether. Importantly, the liquid staking provider Lido ac-
counts for more than 30% of all staked Ether, further
highlighting the relevance of a thorough understanding of
the economics of this market. The high market share of a
few providers also raises centralization and governance
concerns (see e.g. Ethereum Foundation 2022; Grandjean,
Heimbach, and Wattenhofer 2023).

During our sample period, Ethereum transitioned from using
the PoW consensus mechanism to PoS. However, the staking
mechanics were already implemented in the form of the
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“Beacon chain”, Ethereum's PoS consensus layer. Since late
2020, this layer was running in parallel to the POW mechanism,
allowing users to participate in staking to earn rewards. On
September 15th, 2022, the PoS consensus layer was merged with
the Mainnet that keeps track of all transactions and the global
state of the network. Starting on this date, all transactions are
validated by PoS validators instead of PoW miners. The Merge
also has important implications for staking rewards. While
before, validators only received the consensus layer rewards in
the form of newly minted Ether, afterwards they additionally
receive the more volatile execution layer rewards in the form of
transaction fees and MEV.

However, neither before nor immediately after this merge it was
possible to un-stake in Ethereum, a feature that was added to
the network as part of the “Capella” and “Shanghai” hard forks.
Both of these upgrades to the Ethereum network took place on
April 12th, 2023.” For those staking in Ethereum via a liquid
staking token, exiting a staking position by redeeming the
staking tokens for the underlying stake is hence only possible
after the transition completed. In the case of Lido, the func-
tionality to withdraw staked ETH from the protocol was added
in May 2023. In the meantime, users could only exit their
positions by selling them in the secondary market. Conversely,
staking is fully implemented in Solana during our sample
period and users can already redeem their staking tokens for the
underlying stake and the accrued rewards.

Liquid staking tokens are widely used throughout various DeFi
applications. For example, they can be traded in secondary
markets including decentralized exchanges (DEXs) such as
Curve. Token holders can also earn yields by supplying liquidity
to DEXs. For example, a holder of both stETH and ETH could
supply both assets to the stETH/ETH liquidity pool of a DEX,
thus earning staking rewards on the stETH position and addi-
tional rewards from providing liquidity to the DEX.

Liquid staking tokens can also be used as collateral on lending
platforms. A popular trading strategy involving these tokens is
given by first staking the native token, e.g., ETH, via a liquid
staking protocol. The corresponding liquid staking token, e.g.,
stETH, is then used as collateral on a decentralized lending
platform such as Aave to borrow the native token, which is then
staked again. This process can be repeated several times
depending on the degree of (over-)collateralization on the
lending platform. This recursive strategy, sometimes referred to
as “folding”, allows traders to enter leveraged staking positions
(Coinbase Institutional 2023).

Strategies involving liquid staking tokens economically link
different platforms and increase the tokens' importance within
DeFi. While this is a desired consequence of the added liquidity
of liquid staking, it also increases systemic risks. This became
apparent during the widespread turmoil in cryptocurrency
markets in 2022, commonly referred to as the “crypto winter”.
On May 9th, 2022, the stablecoin TerraUSD (UST) broke its peg
to the US dollar, subsequently dropping to a price of almost zero
while losing about $45 billion in market capitalization. This
event triggered a market-wide downturn, leading to the bank-
ruptcies of large cryptocurrency institutions such as Three Ar-
rows Capital, Voyager Digital, and Celsius Network. The latter

was one of the largest holders of sStETH and had pledged about
USD 400 million of the token on the lending platform Aave
(OECD 2022). Following a de-pegging of stETH and ETH,
partially caused by large sales of stETH by Alameda Research,
the trading arm of the centralized exchange FTX, Celsius and
other institutions were forced to liquidate positions in stETH.
This not only led to further imbalances in secondary markets
for liquid staking tokens, but also to spillovers to other markets
(OECD 2022).

3 | Hypothesis Development

There are several reasons to expect that the liquid staking basis,
i.e., the price difference between a liquid staking token and its
underlying asset, is non-zero and varies over time. In this sec-
tion, we develop four testable hypotheses regarding its potential
determinants to gain a better understanding of the relative
pricing of these derivatives. The hypotheses relate to the
incentives of staking, concentration risks, limits to arbitrage,
and behavioral factors.

3.1 | Staking Incentives

One of the main incentives to participate in staking is to receive
rewards in the form of new tokens, fees, or both (Saleh 2021;
Cong, He, and Tang 2022). This reward is in itself volatile, in
particular since the execution layer rewards, i.e., fees and MEV,
vary substantially over time. This volatility impacts all types of
staking, including direct and liquid staking. However, liquid
staking providers keep parts of these rewards to cover their ex-
penses and to compensate the validators. This share also varies
over time. Investors in liquid staking derivatives hence forego
some of the rewards of staking directly. Economically, the effect is
similar to how dividend payments affect the relative pricing of
equity futures contracts (Cornell and French 1983). Analogously,
we expect liquid staking to be particularly attractive if the differ-
ence in yields from staking the underlying asset directly and from
liquid staking is relatively small. Conversely, if this yield difference
is large, liquid staking becomes less attractive, decreasing the
prices of liquid staking tokens relative to the underlying crypto-
currencies. Following this reasoning, we conjecture that:

Hypothesis 1. The liquid staking basis increases when the
yield difference between staking directly and liquid staking
increases.

Before the Merge, validators only received the consensus layer
rewards in the form of newly minted coins. Afterwards, they
additionally receive the execution layer rewards in the form of
transaction fees and MEV which is usually more volatile. Because
the reward structure changes after this event, we also contrast the
effect of yield differences on the basis before and after the Merge.

3.2 | Concentration Risk

For Lido Staked Ether in particular, market participants are
concerned about the concentration of the stake deposited in the
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protocol since high levels of centralization potentially make the
entire network more vulnerable to attacks (Grandjean,
Heimbach, and Wattenhofer 2023). This concentration risk may
be reflected in the liquid staking basis as investors require a
premium for bearing this risk. The basis would then increase
when Lido's share of overall stake increases. We hence
hypothesize that:

Hypothesis 2. The liquid staking basis increases when Lido's
share of staking increases.

3.3 | Limits to Arbitrage

Price differences between a derivative and its underlying asset
are generally larger if market conditions make exploiting these
potential arbitrage opportunities difficult. For example, high
price volatility increases the risks faced by arbitrageurs, thus
limiting their ability to conduct arbitrage trading (Shleifer and
Vishny 1997; Gagnon and Karolyi 2010). Furthermore, there
may be asymmetries in how arbitrageurs react to increasing or
decreasing prices, for example due to funding or short selling
constraints (Stambaugh, Yu, and Yuan 2015).

As discussed by Roll, Schwartz, and Subrahmanyam (2007) and
further examined by Kadapakkam and Kumar (2013) and Han
and Pan (2017), deviations from the law of one price can be
partially attributed to illiquidity, since arbitrage becomes more
costly when liquidity is low. Although the focus of the studies
above is on the equity index futures basis, the same logic applies
to the liquid staking basis. It is crucial in our context to dif-
ferentiate between various types of liquidity. Liquid staking
tokens enhance liquidity for those staking their assets by
effectively securitizing their stake. However, the liquidity of
these tokens in the secondary market may vary over time or
between different staking tokens, resulting in temporal varia-
tions in potential arbitrage opportunities.

Additionally, a lack of trading activity in staking tokens can
make arbitrage more challenging. However, price differences
may also arise from imbalances, such as one-sided trading
activity. Moreover, high trading volume might indicate noise
trader risk, which can deter potential arbitrageurs (De Long
et al. 1990), leading to a wider basis.

In a similar vein, there may be spillovers from funding liquidity
to market liquidity as in Brunnermeier and Pedersen (2009).
During times of low funding liquidity, capital-constrained
investors may need to quickly liquidate their positions. If they
sell their liquid staking derivatives first, which may simply be
more accessible compared to locked-up stake, the tokens' prices
would decrease relative to the underlying asset. Likewise, fund-
ing illiquidity may make arbitrage activity more difficult and
expensive (see also Schmeling, Schrimpf, and Todorov 2023).

Overall, high volatility, low liquidity, and funding constraints
hinder the exploitation of potential arbitrage opportunities.
These limits to arbitrage might increase the price difference
between liquid staking tokens and their underlying crypto-
currencies. Accordingly, we hypothesize:

Hypothesis 3. Limits to arbitrage such as high price
volatility and low liquidity are positively related to the liquid
staking basis.

3.4 | Investor Behavior

Price differences may be more pervasive if investors are not
aware of - or paying particular attention to - liquid staking
tokens, thus missing out on the opportunity to exploit exist-
ing mispricing. Eichler (2012) considers mispricing in
American Depositary Receipts and finds that price differ-
ences to the underlying stock decrease with an increase in
investor attention. Similarly, in a study on commodity futures
markets, Han, Li, and Yin (2017) find that increased investor
attention, as measured by Google search volume, is associ-
ated with fewer arbitrage opportunities. We hence hypothe-
size that the liquid staking basis is lower in magnitude if
investor attention is high.

In addition to attention, investor sentiment is also known to
affect asset prices and potentially drive these away from their
fundamentals, especially for assets that are more difficult to
arbitrage (Baker and Wurgler 2006; Han et al. 2022). In par-
ticular, during times of low investor sentiment, risk appetite
and risk absorption capacities of potential arbitrageurs may be
lower (Cheng, Kirilenko, and Xiong 2015).

We hence expect that both a lack of investor attention and
negative investor sentiment regarding the cryptocurrency mar-
ket is associated with a wider liquid staking basis.

Hypothesis 4. The liquid staking basis is inversely related to
investor attention and sentiment.

4 | Data and Empirical Methodology
41 | Data

We obtain high frequency trading data from two markets for
liquid staking tokens: Curve, a DEX, and FTX, a centralized
cryptocurrency exchange (CEX). We consider these two mar-
kets for several reasons. The DEX data captures a significantly
larger fraction of overall trading activity in liquid staking
tokens. However, the CEX data allows us to compare trading
activity in different assets at the exact same trading venue.
Moreover, some variables used for testing our hypotheses are
only available for one of the two markets. Finally, we consider
the CEX analysis a robustness test. Even though the mechanics
of trading at a DEX and a CEX differ greatly (Barbon and
Ranaldo 2023), testing our hypotheses in both types of markets
allows us to better understand the underlying economics of
liquid staking tokens, for example with respect to secondary
market liquidity.

Our main analysis is based on data from Curve. From the
Ethereum blockchain, we collect all transactions (“swaps”)
from the liquidity pool where Lido Staked Ether (stETH) can be
traded against Ether (ETH). At the time of writing, Lido Staked
Ether is by far the largest liquid staking token and the Curve
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liquidity pool the largest venue for trading this asset.® The
sample ranges from November 1th, 2021, to May 31th, 2023. We
additionally collect data on pool liquidity flows, fees, and
liquidity utilization from IntoTheBlock (2023).

To supplement this analysis, we further collect trading data from
FTX (2022). Although now defunct, at the time it was one of the
largest and most liquid CEXs for liquid staking tokens.’ As in our
main analysis, we collect data for Lido Staked Ether (StETH),
allowing us to compare the two trading venues. However, we
additionally collect data on Marinade Staked Solana (mSOL)
and Lido Staked Solana (stSOL), which are substantially less
liquid than stETH, but during our sample among the largest liquid
staking tokens by market capitalization. The raw data is sampled
in 15-second intervals.'® We end the sample period for this market
on August 31th, 2022, well before the problems that eventually led
to the downfall of FTX and its trading arm, Alameda Research,
became publicly known. This makes it unlikely that the choice of
trading venue impacts our results. Furthermore, we collect price
data on the underlying cryptocurrencies Ether (ETH) and Solana
(SOL), and for the two corresponding perpetual futures contracts
(which we denote fETH and fSOL, respectively). We additionally
collect data on forced liquidations, i.e., automatically triggered
transactions due to margin calls, in all of these assets. All prices in
the FTX sample are given in USD.

Since for some of our DEX-based analyses, we need crypto-
currency spot exchange rates against the USD for the period
after the collapse of FTX, we collect transaction prices from
Kraken (2023), a prominent and highly liquid CEX. We also
collect price data on the Deribit (2023) volatility index (DVOL),
which measures the implied volatility of cryptocurrency options
and is thus a forward-looking measure of expected volatility
which we use as a proxy for investor sentiment. Finally, we
collect data on Ethereum staking rewards, the total amount of
Ether staked, and the amount of Ether staked in various pro-
tocols such as Lido from Dune Analytics (2023).

Unless otherwise indicated, for our analyses we aggregate the
data to 1-h intervals to avoid microstructure noise. In particular,
all regressions and summary statistics are based on hourly data.
However, our analysis of price discovery relies on data at the
15 second frequency.

4.2 | Measuring the Liquid Staking Basis

The liquid staking basis is defined as the relative price difference
between the liquid staking tokens and their respective underlying
cryptocurrency. In most of our analyses, we consider the absolute
value of this basis to capture the magnitude of price differences.
The calculation of the basis depends on the trading venue. For the
DEX, we calculate the basis based on swaps of the liquid staking
token and the underlying cryptocurrency.

Liquid Staking BasisDEX | = Quncerying _ 1 1)
signed QLST

DEX
signed

Liquid Staking BasisPEX = | Liquid Staking Basis
)

where Qrsr and Qundenying denote the quantity of the liquid
staking token and the underlying cryptocurrency exchanged in
a swap, respectively. For the CEX, all prices are expressed in
USD. The basis is hence given by

Close LST — CloseUnderlying

Liquid Staking Basis$™* . =
d & signed closeUnderlying
(3)
Liquid Staking Basis®®X = |Liquid Staking Basisscigfed
€y

The tokens in our sample differ with respect to the reward
payout mechanics, with important implications for the calcu-
lation of the basis. In particular, stETH is a rebasing token,
meaning that rewards are paid out in the form of newly issued
tokens which are proportionally distributed among the staking
participants, hence increasing the supply of outstanding liquid
staking tokens. The price of each token is then not directly
impacted by the payout. In contrast, both the Solana staking
tokens traded at the CEX, stSOL and mSOL, are reward-bearing
tokens. Each token thus reflects the same share of a pool that
increases in value. An individual token hence appreciates in
value over time.!! To address this issue in our analysis, we make
the staking tokens comparable by de-trending the liquid staking
basis for these staking tokens. We de-trend the time-series of
the liquid staking basis by running a first-stage regression of the
basis on a linear time trend for each Solana-based staking token
individually. Then, we use the residuals of these regressions in
our analyses. However, to illustrate the mechanism, we present
summary statistics and figures of the basis before this
adjustment.

4.3 | Regression Approach and Variable
Construction

Our main analysis of the determinants of the liquid staking
basis consists of fixed effects regressions, first using the DEX
data and then using the CEX data. We take the absolute basis as
given by Equation (2) for the DEX and Equation (4) for the CEX
as dependent variables, respectively. The analysis of the CEX
differs from the one for the DEX in other respects due to dif-
ferences in variable construction in three main areas. First,
market liquidity is measured differently. Second, using the CEX
data, we can more directly measure funding liquidity and test
the relationship between liquid staking tokens and futures
contracts trading at the same venue. Third, since the collapse of
FTX occurred before the Merge, this specification does not
include variables related to this event.'”

Specifically, we estimate the following regression model:

Basis; = a, + 8, Staking Incentives,
+ B,Concentration Risk,
+ p;Limits to Arbitrage, (3)
+ 3, Investor Behavior;

+ B;Controls, + y,Hour; + ¢
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where Basis; is the absolute liquid staking basis at time ¢.

To evaluate Hypothesis 1, Staking Incentives is a vector con-
taining variables capturing incentives for participating in liquid
staking. For both exchanges, it includes A Staking Rewards as
given by the difference between the current annualized per-
centage yield of staking Ether directly and staking via Lido. For
the DEX, we interact this variable with Post Merge, an indicator
variable for the period after the Merge to capture differences in
this effect after the uncertainty reduction and the change in
reward structure following the Merge.

As discussed in Hypothesis 2, market participants are con-
cerned regarding Concentration Risks with respect to the stake
deposited in the protocol, particularly for Lido Staked Ether. To
understand how this concentration risk may affect the basis, we
include Lido Share of Staking as given by the share of Ether
staked via Lido relative to the total staked amount in the
Ethereum network.

Limits to Arbitrage is a vector capturing volatility and liquidity
as discussed in Hypothesis 3. To proxy for volatility at the DEX
and the CEX, it contains Returnéﬁi‘é’,‘fjﬁng as given by the absolute
logarithmic return of the underlying asset. Inspired by Chordia,
Roll, and Subrahmanyam (2001), the vector furthermore
includes a binary variable indicating if these returns are positive
to capture any asymmetries in how the basis reacts to price
increases and decreases. The vector furthermore includes vari-
ous liquidity measures. For the DEX, it comprises the following:
Pool Size, represented by the logarithm of the total USD value of
the stETH/ETH liquidity pool; Trading Volume, indicated by
the USD value exchanged within the pool; Pool Fees, calculated
as the fees paid to liquidity providers and expressed as annu-
alized percentage yields; and Net Liquidity Flow, defined as the
net sum of the pool's inflows and outflows. For the CEX, it
comprises: Spreadsiakingroken, €Stimated using the Corwin and
Schultz (2012) high-low spread estimator as suggested for
cryptocurrency markets by Brauneis et al. (2021)'%;
Volumesiaiingroken @s measured by the total traded volume at FTX
in the staking token in USD; and Forced Liquidations, serving as
a proxy for funding liquidity, calculated as the daily fraction of
trading volume in all assets related to a given underlying
cryptocurrency (i.e., staking derivatives, futures, and spot
market) that results from the automatic unwinding of traders’
positions due to margin calls. A higher value of Forced Liqui-
dations indicates that more traders are liquidity-constrained.

Investor Behavior is a vector that captures the influence of
behavioral factors, namely investor attention and sentiment, as
outlined in Hypothesis 4. As is common in the literature on
investor attention (e.g. Han, Li, and Yin 2017), we proxy for
Attention by obtaining data on Google search intensity for the
term “liquid staking”. While there is no consensus in the lit-
erature on how to best measure investor sentiment, this issue is
complicated by the fact that our analysis requires a high-
frequency measure. A commonly used proxy in this setting can
be found in implied volatility indices such as the VIX, which
measure “investor fear” (Kurov 2010). Following this approach,
we include Sentiment as measured by the level of the Deribit
Volatility Index (DVOL), which tracks the implied volatility of
cryptocurrency derivative contracts.

We additionally include the vector Controls containing several
variables. For both DEX and CEX, it consists of variables cap-
turing the crypto winter, the weekend effect, and the sign of the
liquid staking basis. For the DEX, we additionally control for
the Merge.

First, we control for the crypto winter of 2022. This period
impacted all cryptocurrencies, including liquid staking tokens
(Nansen 2022; OECD 2022), as some investors were forced to
quickly liquidate their liquid staking positions by selling them
in the secondary market (Nansen 2022). We hence include the
binary variable Crypto Winter indicating the period starting May
9th, 2022, when TerraUSD broke its peg to the US dollar, until
the end of the sample. In addition to the TerraUSD collapse,
this period also includes the downfalls of Three Arrows Capital,
Voyager Digital, Celsius Network, and FTX.

Second, we account for the weekend effect since the activity of
investors and the composition of investor types may vary over
time. For example, Jahanshahloo, Corbet, and Oxley (2022)
show that Bitcoin on-chain activity is different on the weekend
than on weekdays. Examining patterns in Bitcoin liquidity,
Scharnowski (2021) provides evidence that institutional inves-
tors are generally more active during the week. If institutional
investors are better at exploiting mispricing, there could be a
difference in the basis throughout the week relative to the
weekend. Furthermore, the basis may also differ between
weekdays and the weekend due to changes in risk (see e.g.
Singal and Tayal 2020). To account for these possible differ-
ences throughout the week, we include a binary variable for the
Weekend which is equal to 1 on Saturdays and Sundays'*.

Third, there may be asymmetries in how the absolute basis
behaves depending on whether the staking tokens trade at a
premium or at a discount relative to the underlying asset, i.e.,
whether the liquid staking basis is positive or negative. To
capture these, we include the binary variable Liquid Staking
Basis* which is equal to 1 if the basis is positive.

Fourth, we control for the effect of the Merge. While this event
itself did not immediately allow users to collect their staking
rewards or un-stake their tokens, it was an assurance that the
future upgrades (the “Capella” and “Shanghai” upgrades)
would be successfully implemented. To control for the impact
of the reduction in uncertainty regarding PoS adoption after the
Merge and the subsequent increase attractiveness of liquid
staking, the control vector includes the binary variable Post
Merge indicating the period after the Merge of the Ethereum
Mainnet with its PoS blockchain from September 15th, 2022
onward.

Hour captures fixed effects for each hour of the day to account
for differences in reward payout mechanics. For example, in
stETH, staking rewards are paid out once a day, which poten-
tially leads to intraday price increases relative to the underlying
asset due to accrued rewards.

Additionally, although liquid staking tokens serve a different
economic purpose than cryptocurrency futures contracts, their
pricing relative to the underlying asset might be similar in some
respects. For example, limits to arbitrage and behavioral factors
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might similarly impact investors in the cryptocurrency futures
market and in the liquid staking market. Furthermore, the liquid
staking and cryptocurrency futures bases might co-move due to
common risk premia as shown for the commodity futures market
by Bailey and Chan (1993). We study this co-movement of the
futures-spot and the liquid staking bases of the same underlying
asset from the same venue by including the Futures Basis as given
by the absolute value of the price difference between the perpetual
futures contract and the underlying asset in the spot market, rel-
ative to the price in the spot market.

A noteworthy point is that, similar to the existing literature on
price differences between derivative and spot markets (Roll,
Schwartz, and Subrahmanyam 2007), there may be simultane-
ity, specifically between the basis, staking rewards, and liquid-
ity. For example, large differences between spot and derivative
prices may lead to arbitrage trading which in turn may increase
liquidity, leading to an underestimation of the effect of liquidity
on the basis. In a similar vein, liquidity may be high if relative
staking rewards are large, attracting traders. Lacking reasonably
exogenous shocks, in our main analyses we do not focus on
these dynamics but instead concentrate on the simultaneous
relationship of the variables of interest. However, in Appen-
dix B we present supplementary results that document the
dynamic relationship between the basis and limits to arbitrage.

To test for unit roots, we perform augmented Dickey-Fuller
tests. The results reject the null hypothesis of a unit root for all
variables used in the regressions. Furthermore, variance infla-
tion factors indicate that multicollinearity is not a concern.

4.4 | Measuring Price Discovery

After having established the price determinants of liquid stak-
ing tokens, we investigate their contribution to the price dis-
covery process of the underlying cryptocurrencies. We generally
follow the approach of Alexander et al. (2020b) who compare
price discovery between several Bitcoin futures and spot mar-
kets. In particular, we employ the information share measure
by Lien and Shrestha (2009), which is a modified version of the
measure by Hasbrouck (1995). One advantage of this modified
measure is that it provides a unique estimate instead of upper
and lower bounds of the share of price discovery. We supple-
ment the analysis with the component share measure by
Gonzalo and Granger (1995). Both measures are based on a
decomposition of the permanent component and the coin-
tegration errors of multiple cointegrated time series of prices
using a multivariate vector error-correction model (VECM). For
the lag length selection of the VECM, we rely on the Akaike
information criterion, allowing for a maximum lag length of 40.

We use log prices sampled at the highest frequency of 15 seconds
to compute the measures separately for each day and jointly for
the full sample period, respectively. To compare the price dis-
covery at the CEX and the DEX, we first need to make the implied
StETH prices at the DEX comparable to the prices in USD at the
CEX. We achieve this goal by converting the DEX implied prices
to prices in USD using the stETH/ETH exchange rate from the
CEX. While this step potentially introduces some noise as the DEX
prices now partially reflect information from the CEX, the relative

contribution of the staking derivatives to the underlying should
only marginally be impacted by this.'> However, to further address
this concern, we additionally provide estimates for the price dis-
covery of the liquid staking basis where no such adjustment is
required. To this end, we apply the same price discovery measures
to the liquid staking bases of stETH from both markets instead of
applying them to price levels.

5 | Understanding the Liquid Staking Basis

In this section, we first present descriptive statistics, show the
development of the liquid staking basis over time, and discuss the
correlations between returns and trading volume of the various
assets. We then investigate the determinants of the basis in a
regression framework. For the descriptive statistics and the
regressions, we first present the results for the DEX and then
compare these results with those of the CEX. Finally, we compare
the pricing of liquid staking tokens to the futures market.

5.1 | Descriptive Statistics and Correlations
5.1.1 | Descriptive Statistics for the DEX

Table 1 reports summary statistics of the key variables of our
analysis. In Panel A, we present statistics on liquid staking
via Lido Staked Ether. On average, there is a total value of
USD 7.29 billion staked via this protocol, or 3.88 million
Ether. The share of Lido in all Ethereum staking has
increased throughout the sample, ranging from about 17% to
almost one-third. This high concentration of staking in just
one liquid staking provider raises concerns regarding lim-
ited decentralization. Average annualized staking rewards
in Lido Staked Ether are 4.68%. For reference, when staking
directly in Ethereum, annualized staking rewards are on
average about 0.52 percentage points higher. In other words,
staking via Lido costs about 10% of the staking rewards.
There is also substantial time-series variation in staking
rewards and in the reward difference, posing a risk to those
staking their tokens.

Panel B shows summary statistics for the DEX, the Curve
stETH/ETH liquidity pool. On average, there is USD 2.26 billion
deposited in the pool. Since slightly less than half of this is in
the form of ETH and the rest in stETH, a back-of-the-envelope
calculation suggests that on average about 15.5% of all stETH is
deposited in the pool. The average hourly trading volume is
USD 1,230, although there is substantial time-series variation as
can be seen in the maximum value and the kurtosis. The sum of
deposits and withdrawals is close to zero on average, but like-
wise has some extreme values. For example, a withdrawal of
USD 970 million occurred on May 12th, 2022, shortly after the
collapse of TerraUSD, as investors were withdrawing founds
across DeFi protocols and moving into safer assets.

Panel C reports that the absolute liquid staking basis at Curve is
96 basis points on average. The signed basis is almost always
negative; the 95th percentile is negative while the maximum
value of 0.08% is small in magnitude compared to the minimum

9 of 27

85U017 SUOWILWIOD BAIIE8.D) 8|qeo!|dde 8y Aq peusenob ase ssplie YO ‘88N Jo S8|ni oy Ariq1aUlUQO 431 UO (SUONIPUOD-PUR-SWIBH WD A8 | 1M AIq 1 Ul |UO//SANY) SUORIPUOD Pue SWIB | 841 89S *[7202/TT/8z] U0 AriqiTauljuO AB[1A YRYlo!|qIgs LaeIseAIUN AQ 95522 INJ/Z00T OT/10p/w0d"Ae | Areiq1jeuljuo//sdny wouy papeojumod ‘0 ‘vE66960T



TABLE 1 | Descriptive statistics for Lido staking and DEX trading.

Mean SD Min P5 P50 P95 Max Skew. Kurt.
Panel A: Lido staking
Total value locked 7.29 2.14 4.03 4.70 6.57 11.73 13.12 0.9 2.7
Staked amount 3.88 1.44 1.38 1.48 4.15 6.00 6.95 -0.4 2.2
Lido share of staking 27.64 5.26 16.98 17.49 30.03 32.16 32.62 -1.1 2.5
Staking rewards 4.68 0.92 3.57 3.83 4.62 6.04 10.21 2.8 15.5
A Staking rewards 0.52 0.10 0.40 0.43 0.51 0.67 1.13 2.8 15.5
Panel B: Curve stETH/ETH pool
Pool size 2.26 1.58 0.56 0.73 1.44 5.22 6.12 0.9 2.3
Liquidity utilization 0.09 0.39 0.00 0.00 0.01 0.33 13.31 14.0 302.9
Pool fees 0.18 0.39 0.00 0.01 0.07 0.71 5.24 6.5 59.6
Trading volume 1.23 6.55 0.00 0.00 0.14 4.63 311.43 21.3 675.2
Net liquidity flow —-0.12 17.79 —970.13 —4.39 —0.00 4.35 392.98 —-12.7 797.1
Panel C: Liquid staking basis
Liquid staking basissigned —-0.95 1.25 —6.85 —3.59 —0.41 —0.01 0.08 -1.8 6.1
Liquid staking basis 0.96 1.25 0.00 0.02 0.41 3.59 6.85 1.8 6.1

Note: This table shows summary statistics using data at 1 hour intervals. Total Value Locked is the value of all Ether staked via Lido Staked Ether in USD 1 billion. Staked Amount is
the amount of all Ether staked via Lido Staked Ether in the 1 million Ether. Lido Share of Staking is the fraction of Ether staked via Lido to all Ether staked in the Ethereum network
in percent. Staking Rewards is the annualized yield of staking Ether via Lido in percent and A Staking Rewards the difference between yields for staking Ether directly and staking via
Lido in percentage points. Pool Size is the total value deposited in the pool in USD 1 billion. Liquidity Utilization is the ratio of trading volume in the pool to the total size of the pool in
basis points. Pool Fees are the fees paid to liquidity providers, expressed as annualized yields in percent. Trading Volume is the value exchanged in the pool in USD 1k. Net Liquidity
Flow is the net sum of the pool's in- and outflows in USD 1mn. Liquid Staking Basis is the absolute relative price difference between the staking token and the underlying
cryptocurrency relative to the price of the underlying cryptocurrency in percent and Liquid Staking Basisggneq the corresponding signed value.

of —6.85%. This indicates that stETH typically trades at a dis-
count relative to its underlying asset ETH.

There is considerable time-variation in the liquid staking basis
as shown in Figure 2. stETH began trading at a substantial
discount relative to ETH during the crypto winter, starting
around the collapse of TerraUSD in May 2022. The discount
amid the general turmoil in cryptocurrency markets may reflect
trading imbalances due to liquidity needs by failing crypto-
currency financial institutions such as Celsius Network, a
cryptocurrency lending company, or Three Arrows Capital, a
cryptocurrency hedge fund, that had to sell large quantities of
stETH in the secondary market, in particular using the Curve
liquidity pool (see, e.g., Nansen 2022). Since at that time, ETH
could not be un-staked until the future Shanghai upgrade to the
Ethereum network, the overall supply of stETH could not
decrease. The only way for traders to exit their stETH positions
was to sell them in the secondary market, on which counter-
parties appear to have required a discount as compensation for
potential illiquidity or other risks. Since the successful Merge of
the PoS chain to the Ethereum Mainnet and the subsequent
reduction in uncertainty surrounding Ethereum's transition
from PoW to PoS, the basis is reduced in magnitude. However,
even after the Merge, sStETH sometimes trades at a significant
discount, for instance during adverse market conditions such as
those following the collapse of FTX in November 2022. Overall,
there is substantial time-variation and volatility clustering in
the basis of stETH that is indicative of basis risk. We investigate
potential determinants of this time-variation below.

Figure 2 also shows the development of the total value de-
posited in the Curve liquidity pool. Generally, liquidity in the

pool has decreased during the sample period, decreasing from
about USD 6 billion in November 2021 to about USD 1 billion in
May 2023. The largest declines in pool size coincide with shocks
to the wider cryptocurrency market, most prominently the de-
pegging of TerraUSD in May 2022 but also the collapse of FTX
in November 2022. These periods also show the highest levels of
trading activity.

5.1.2 | Descriptive Statistics for the CEX

The CEX data allows us to compare trading activity in different
assets traded at a single exchange. We present descriptive sta-
tistics in Table 2. Firstly, we observe that the staking tokens'
returns have more downside risk than those of the underlying
assets. This is shown by the minimum hourly return of —19.04%
for stETH which is almost twice as high as that of its underlying
asset ETH. These fatter tails are further reflected in higher
kurtoses.

Secondly, trading volume is orders of magnitude larger in the
underlying cryptocurrencies, reflecting the age and relative
maturity of the spot market in addition to the broader accep-
tance of the underlying cryptocurrencies within DeFi applica-
tions compared to the liquid staking derivatives. Compared to
trading at the DEX, trading activity in the liquid staking tokens
at the CEX is lower. Similarly, secondary market liquidity is
lower in the staking tokens, as evident on average bid-ask
spreads that are between 4 and 5 times wider than that of the
underlying assets. However, the average bid-ask spreads of
about 4 basis points are still low compared to other financial
markets such as large-cap equities (see e.g. Aspris et al. 2022).
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FIGURE 2 | Liquid staking basis and DEX pool dynamics. Note: These graphs show the hourly development of the stETH-ETH liquidity pool at
the decentralized exchange Curve. Panel A shows the signed liquid staking basis based on transactions in the pool. The gray line shows the price of
Ether in USD taken from the Exchange Kraken. Panel B shows the total liquidity available in the pool in USD and the hourly trading volume.

[Color figure can be viewed at wileyonlinelibrary.com]

Thirdly, the liquid staking basis is higher on average for Solana-
based tokens than for Ether-based tokens, although the opposite
holds for the volatility of the basis.'® For stETH, the liquid
staking basis is about 40% larger at the CEX than at the DEX.
Finally, the liquid staking basis is generally larger in magnitude
and more volatile than the futures basis, suggesting that the
market for liquid staking tokens is less mature and not as well
integrated as the futures market.

We plot the development of the liquid staking basis as traded at
the CEX in Figure 3. Overall, the graph for stETH closely re-
sembles the one for the same asset at the DEX in Figure 2. A
striking feature of the graphs for the Solana-based tokens is the
linear increase in the basis. These liquid staking tokens are
trading at a premium relative to the underlying cryptocurrency
Solana because they are reward-bearing, i.e., the staking
rewards mechanically increase their value, explaining the
higher level of the basis in the descriptive statistics above. In the
subsequent analyses, we hence use the de-trended basis. Since
the payout mechanism differs for the rebasable stETH, there is
no upward trend for this token. While stETH suffered from a
substantial de-pegging starting May 2022 as discussed above,
the Solana-based tokens do not show this pattern. A potential
explanation for this finding is that in Solana, un-staking was
already possible and the supply of the tokens could hence
adjust.

5.1.3 | Correlations

We present pair-wise time series correlations in Figure 4. Panel
(a) shows correlations of returns of the underlying assets, the
staking tokens, and the futures contracts. The correlation
between spot and futures returns is practically 100%, indicat-
ing that the spot and futures markets are highly integrated
and efficient. The correlations of the staking tokens' returns
with those of the underlying assets are high, but overall lower
than for the futures market. For Ether the correlation is 93%
while for Solana the correlations range from 95% to 98%. This
suggests that, while the prices of liquid staking tokens gen-
erally closely follow the prices of the underlying assets, they
do so less perfectly than futures contracts. This could be due
to lower levels of high-frequency arbitrage trading activity in
the market for staking tokens, potentially because of limits to
arbitrage.

The results for the correlations in trading volume in panel (b)
generally mimic those for returns, albeit at an overall lower
level. The correlation is strongest for the trading volume in
the spot and futures markets. For the staking tokens, the
correlation of trading volume with that of the spot market
ranges from 16% to 20%, indicating that there is a common
component in trading activity between spot and liquid stak-
ing markets.
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TABLE 2 | Descriptive statistics for trading at the CEX.

Mean SD Min P5 P50 P95 Max Skew. Kurt.
Panel A: Lido staked ether
Return —0.01 1.00 —19.04 —1.45 0.00 1.40 10.90 -0.9 30.1
Volume 0.01 0.07 0.00 0.00 0.00 0.05 1.97 15.2 315.9
Spread 4.16 5.06 0.00 0.99 2.83 10.40 94.32 6.6 71.3
Liquid staking basisgigned -1.33 1.47 —7.66 —-3.84 -0.71 —0.03 5.92 -1.2 4.1
Liquid staking basis 1.35 1.46 0.02 0.07 0.71 3.85 7.68 1.3 4.1
Panel B: Ether
Return —0.01 0.95 —10.40 —1.45 —0.01 1.34 7.37 —-0.1 11.5
Volume 20.97 19.95 1.29 4.81 15.11 56.43 320.14 3.8 29.8
Spread 0.82 0.79 0.03 0.19 0.61 2.06 14.73 4.7 47.0
Futures basiSsigned 0.00 0.02 —0.09 —0.03 0.00 0.04 0.21 0.8 6.2
Futures basis 0.02 0.01 0.01 0.01 0.02 0.04 0.21 3.0 20.2
Forced liquidations 0.38 0.51 0.00 0.04 0.21 1.23 5.57 4.8 39.4
Panel C: Marinade staked solana
Return —-0.03 1.29 —-21.43 —-1.99 0.00 1.93 11.68 —-0.4 17.8
Volume 0.01 0.05 0.00 0.00 0.00 0.07 1.65 12.8 295.6
Spread 3.76 4.03 0.00 0.72 2.70 10.61 97.32 5.0 60.7
Liquid staking basiSsigned 3.79 1.43 0.54 1.47 3.80 5.95 6.75 -0.1 1.9
Liquid staking basis 3.79 1.43 0.71 1.47 3.80 5.95 6.75 -0.1 1.9
Panel D: Lido staked solana
Return —-0.03 1.32 —23.97 —-2.03 0.00 1.89 14.43 —-0.4 25.4
Volume 0.01 0.08 0.00 0.00 0.00 0.05 3.80 32.0 1319.7
Spread 4.52 5.52 0.00 0.76 2.99 13.57 98.11 5.3 50.9
Liquid staking basisgigned 3.03 141 —5.18 0.91 2.87 5.21 8.45 0.1 2.1
Liquid staking basis 3.04 1.40 0.32 0.92 2.87 5.21 10.22 0.2 2.0
Panel E: Solana
Return —-0.03 1.31 —-21.15 —2.01 —-0.03 1.96 12.94 -0.3 17.7
Volume 6.08 5.60 0.26 1.39 4.46 16.50 108.59 3.8 36.0
Spread 1.33 1.25 0.10 0.38 1.03 3.21 27.96 6.1 76.1
Futures basiSsigned —0.00 0.03 —0.41 —0.05 —0.00 0.04 0.14 -1.8 18.5
Futures basis 0.03 0.02 0.01 0.01 0.02 0.06 0.41 5.5 55.8
Forced liquidations 0.33 0.52 0.00 0.03 0.18 0.93 5.38 6.0 50.6

Note: This table shows summary statistics using data at 1 hour intervals for assets traded at the centralized exchange FTX. Return is the log return based on closing prices
in percent. Volume is the trading volume in USD 1k. Spread is the estimated bid-ask spread in basis points. Liquid Staking Basis is the relative price difference between the
staking token and the underlying cryptocurrency relative to the price of the underlying cryptocurrency in percent and Liquid Staking Basisa the corresponding absolute
value. The Futures Basis is computed analogously between the perpetual futures contracts and the underlying cryptocurrency. Forced Liquidations is the daily fraction of
trading volume in all assets for a given underlying cryptocurrency (i.e., staking derivatives, futures, and spot market) resulting from automatic unwinding of traders’

positions due to margin calls in percent.

Finally, we show the correlations in the (de-trended) absolute
basis in panel (c). Importantly, the correlation between the liquid
staking basis of stETH as traded on the DEX and the CEX is
virtually perfect. This suggests that even though the CEX is
substantially less liquid than the DEX for this particular asset, both
bases strongly co-move. While we investigate this notion more
formally in Section 6 when considering information shares,
the high correlations documented here suggest that the basis
is not trading venue specific. Instead, the basis and its de-
terminants are likely closely related and the markets are
integrated to a large extent, even though the level of the basis

is significantly larger at the CEX. As expected, the correlation
in the absolute basis across assets are much lower, ranging
from practically 0% between stETH and stSOL to 34%
between the two Solana-based tokens.

5.2 | Determinants of the Liquid Staking Basis
We now turn to the analysis of the potential determinants of the
liquid staking basis. We first present the results for the DEX and
then compare them to the CEX.
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FIGURE 3 | Liquid staking basis at the CEX. Note: These graphs show the hourly development of the signed liquid staking basis at the
centralized exchange FTX as given by the difference between the staking tokens and the underlying assets, relative to the price of the underlying. The
thin gray line shows the price of the underlying cryptocurrency in USD. [Color figure can be viewed at wileyonlinelibrary.com]

5.2.1 | Determinants of the Liquid Staking Basis at
the DEX

The regression results of Equation (5) for the DEX are reported
in Table 3. In model (1), we only include the control variables
for the crypto winter, the post Merge period, and the weekend.
The liquid staking basis widens considerably by 2.7 percentage
points during the crypto winter. After the Merge, the liquid
staking basis is again close to its level before the TerraUSD
collapse, as the sum of the two coefficients is close to zero. The
successful Merge hence appears to have reduced uncertainty
surrounding Ethereum's adoption of PoS that was reflected in

the basis. We also find that the liquid staking basis is larger
during the weekend. This result is consistent with the notion
that institutional investors are better at exploiting potential
arbitrage opportunities and are relatively more active during
the week than on the weekend. The wider basis during the
weekend may also indicate fluctuations in risk or risk prefer-
ences (Singal and Tayal 2020).

We then test Hypothesis 1 and add the difference in staking
rewards between direct staking and staking via Lido in model
(2). Higher values for A Staking Rewards indicate higher
opportunity costs of staking with Lido compared to direct
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FIGURE 4 | Time-series correlations. Note: These graphs show time-series correlation coefficients. Figures (a) and (b) show correlations between

hourly returns and trading volume in USD, respectively, for the liquid staking tokens (stETH, mSOL, and stSOL), the underlying cryptocurrencies
(ETH and SOL), and the respective futures contracts (fETH and fSOL) as traded at the CEX. Figure (c) shows the correlations of the bases at the DEX

and the CEX. [Color figure can be viewed at wileyonlinelibrary.com]

staking. Before the Merge, the effect of yield differences on the
magnitude of the basis is positive and significant, suggesting
that when Lido offers relatively low yields, the price discount
for stETH is higher. While this finding supports Hypothesis 1,
after the Merge the effect mostly disappears.'’

The relative importance of Lido in Ethereum staking has a
negative coefficient while not controlling for secondary market
activity. However, when including variables relating to sec-
ondary market liquidity and trading activity in model (4), this
effect turns positive. This finding is supportive of Hypothesis 2
and agrees with the voiced concerns by market participants
regarding concentration risks. A high concentration in a single
protocol potentially makes the entire network more vulnerable
to attacks (Grandjean, Heimbach, and Wattenhofer 2023). Our
findings suggests that traders may be aware of these risks and
consider it in their trading decisions.

To study the volatility aspect of limits to arbitrage, model (3)
includes the proxy for volatility of the underlying asset and the
corresponding sign of returns. Consistent with Hypothesis 3, we
find that higher volatility is associated with a wider liquid
staking basis. However, the effect disappears when including
the measures of liquidity in model (4), likely because increases
in volatility are oftentimes associated with decreases in liquid-
ity. Note that all models include the control variable for the
crypto winter, which might partially capture the associated
increase in overall market volatility. The direction of price
movements does not appear to influence the basis.

To further investigate the liquidity aspect of limits to arbitrage,
we include variables related to liquidity and trading activity in
model (4). As expected, the liquidity available in the Curve pool
is negatively related to the magnitude of the basis. A one per-
cent increase in pool size is associated with a decrease in the
basis of between 0.953 and 1.205 basis points. Trading volume is
not significantly associated with the liquid staking basis, nor is
the contemporaneous net flow of liquidity to and from the
Curve pool. However, the coefficient for trading fees in the
Curve pool is positive and highly significant. These results
suggest that times of low liquidity and high transaction costs are

associated with a wider basis. This finding supports Hypothe-
sis 3 and is consistent with the notion that limits to arbitrage in
the secondary market hinder the exploitation of any mispricing,
similar to the futures-cash basis in Roll, Schwartz, and
Subrahmanyam (2007)."®

Model (5) then includes behavioral factors. An increase in
investor attention is associated with a highly significant
decrease in the basis. The significantly negative coefficient of
investor attention suggests that when investors pay more
attention towards liquid staking, price differences tend to be
smaller in magnitude. The difference in the basis between days
with virtually no and days with the highest Google search
volume is about 25 basis points. The results thus confirm for
liquid staking tokens what Han, Li, and Yin (2017) find for
commodity futures contracts: Higher investor attention corre-
sponds to fewer arbitrage opportunities as more investors
monitor the markets and take advantage of any arising prices
differences. Investor sentiment is likewise an important deter-
minant of the liquid staking basis. An increase in the “fear
index”, i.e., an increase in the implied volatility of crypto-
currency derivatives, is associated with a wider basis. This is
consistent with lower risk appetite and decreased risk absorp-
tion capacities of potential arbitrageurs during times of low
sentiment (Cheng, Kirilenko, and Xiong 2015). Overall, these
results support Hypothesis 4 regarding the impact of investors'
attention and sentiment on the liquid staking basis.

In model (6), we additionally control for the sign of liquid
staking basis. The coefficient is negative and highly statistically
significant. This indicates that there is an asymmetry in the
basis in the sense that the basis is smaller in magnitude when it
is positive than when it is negative.

Finally, we repeat the analysis of model (6) in model (7) while
ending the sample in August 2022, before the collapse of FTX
and thus also before the Merge. Overall, we find that the results
are similar. The exception is the insignificant coefficient for the
crypto winter, an effect likely subsumed by the variable for
investor sentiment. We present these results to not only show
the robustness of our findings, but also because this sample
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TABLE 3 | Determinants of the liquid staking basis at the DEX.

&Y &) 3 G &) (6 &)
Crypto winter 2.683%** 3.127%** 3.107%** 1.257%** 1.181%** 1.153%** 0.033
(131.71) (113.92) (113.17) (31.00) (26.92) (26.29) (0.63)
Post merge —2.510%**  —1.555%**  —].505%** 0.290 —0.910%**  —0.928***
(-120.69)  (=5.33) (-5.11) (1.36) (~4.20) (—4.28)
Weekend 0.021* 0.027** 0.036%** 0.026%** 0.027*** 0.027*** 0.055%**
(1.82) (2.43) 3.17) (2.90) (3.18) (3.17) (4.25)
A Staking rewards 2.539%** 2.551%** 5.922%** 2.745%** 2.680%** 23.596%**
(3.89) (3.88) (12.54) (5.73) (5.59) (37.85)
A Staking rewards X post merge —2.348%*  —2.306%*  —6.180%*  —3.004***  —2.937%*
(~3.55) (-3.61) (~12.92) (-6.21) (~6.07)
Lido share of staking —0.027*%%*  —0.027*** 0.015%** 0.022%** 0.024%** 0.267***
(—4.39) (—4.22) (3.10) (4.40) (4.69) (36.45)
Return{iiing 6.391%** 0.826 —1.673* —1.713* —2.979%*
(3.97) (0.76) (-1.73) (-1.77) (-2.52)
Return iy ing —0.009 —0.003 —0.004 —0.004 —0.012
(-0.91) (—0.38) (~0.47) (—0.46) (~1.01)
Pool size —1.205%*  —1.097***  —1.097*** = —0.953***
(=54.33)  (=59.11)  (=59.23)  (—40.35)
Trading volume —0.001 —0.001 —0.001 —0.001
(—1.06) (~1.19) (—0.91) (=0.43)
Net liquidity flow 0.088 0.121 0.169 0.109
(0.26) (0.31) (0.45) (0.23)
Pool fees 0.397%** 0.354*+* 0.350%** 0.307***
(14.57) (14.03) (14.04) (10.95)
Attention —0.252%%*  —(.251%*** —0.073**
(-15.18)  (=15.22) (=2.14)
Sentiment 2.917%** 2.957%** 4.905%**
(12.42) (12.62) (23.32)
Liquid staking basis , —0.291%**  —(0.183***
(~13.23) (=5.50)
Hour FE v 4 v/ 4 v v v
Adj. R? 0.75 0.76 0.76 0.86 0.86 0.87 0.89
Observations 13,837 13,789 13,788 13,773 13,773 13,773 7,280
Sample end 2023-05 2023-05 2023-05 2023-05 2023-05 2023-05 2022-08

Note: This table shows time-series regression results for the determinants of the absolute percentage liquid staking basis as implied by the exchange rate between
the Lido Staked Ether and the underlying cryptocurrency Ether as traded at the decentralized exchange Curve in percent using hourly data. Crypto Winter is an
indicator variable for the period starting May 9th, 2022. Post Merge is an indicator variable for the period starting September 15th, 2022. Weekend is an indicator
variable for Saturdays and Sundays (UTC). A Staking Rewards the difference between yields for staking Ether directly and staking via Lido in percentage points.
Lido Share of Staking is the fraction of Ether staked via Lido to all Ether staked in the Ethereum network in percent. Returnﬁﬁéﬁl}f)ﬁfng is the absolute log return of
the underlying in percent and Return{}‘,’ﬁiif;’,;i,,g an indicator variable set to one if this return is positive. Pool Size is the logarithm of the total USD value deposited in
the pool. Trading Volume is the value exchanged in the pool in USD 1k. Net Liquidity Flow is the net sum of the pool's in- and outflows in USD 1mn. Pool Fees are
the fees paid to liquidity providers, expressed as annualized yields in percent. Attention is the daily Google search volume index for the term “liquid staking”,
scaled to the interval of 0 to 1. Sentiment is the value of the Deribit Volatility (DVOL) Index which tracks the implied volatility of cryptocurrency derivatives.
Liquid Staking Basis, is an indicator variable set to 1 if the signed liquid staking basis is positive. Robust t-statistics are given in parentheses. ***, ** * denotes
significance at the 1%, 5%, 10%-level, respectively.
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TABLE 4 | Determinants of the liquid staking basis at the CEX.

@ (2 3 @ &) (6
Crypto winter 2.586%** 2.002%** 1.941%%* 1.934%%* 0.888*** 0.888***
(116.64) (49.05) (47.56) (47.85) (17.82) (18.04)
Weekend 0.052%** 0.043%** 0.060*** 0.070%** 0.096*** 0.095%**
(2.88) (2.52) (3.52) (4.16) (7.33) (7.22)
A Staking rewards 23.795%** 24.216%** 23.654%** 24.678%** 24.586%**
(23.40) (23.69) (23.33) (28.95) (29.15)
Lido share of staking 0.193%** 0.199%** 0.199%** 0.310%** 0.309%**
(19.36) (19.87) (20.08) (32.99) (33.31)
Return ()i 12.841%** 10.750%** 0.455 0.646
(6.20) (5.34) (0.31) (0.45)
Returngyierying 0.026* 0.009 0.009 0.009
(1.65) (0.56) (0.66) (0.69)
Spreads,king token 1.637%%* 0.776%** 0.777%*
(9.40) (4.83) (4.79)
Volumesgaking token 1.115% 1.008%** 10177
(3.76) (4.50) (4.49)
Forced liquidations —0.022 0.057*** 0.057***
(-1.53) (4.18) (4.20)
Attention —0.086™** —0.085**
(=2.21) (-2.19)
Sentiment 7.661%** 7.688%***
(35.08) (35.21)
Liquid staking basis , —0.078***
(—2.94)
Futures basis —0.783
(~0.98)
Hour FE v v v v v v
Adj. R? 0.74 0.78 0.78 0.79 0.85 0.85
Observations 7,296 7,296 7,295 7,295 7,295 7,295
Sample end 2022-08 2022-08 2022-08 2022-08 2022-08 2022-08

Note: This table shows time-series regression results for the determinants of the absolute liquid staking basis for Lido Staked Ether and the underlying cryptocurrency
Ether as traded at the centralized exchange FTX using hourly data. The independent variables are defined as in Table 2 and Table 3 except Spread which is here given in
percentage points. All models include a constant and fixed effects for the hour of the day. Robust t-statistics are given in parentheses. ***, **, * denotes significance at the

1%, 5%, 10%-level, respectively.

period aligns with the sample used in the analyses of the CEX.
The DEX and CEX results can hence be more directly
compared.

522 |
the CEX

Determinants of the Liquid Staking Basis at

We now analyze the potential determinants of the liquid staking
basis at the CEX in Table 4. Overall, we confirm that the liquid
staking bases at the CEX and at the DEX are influenced by the
same economic factors. In particular, the basis is substantially
wider during the crypto winter, during the weekend, when

opportunity costs of staking via Lido are relatively high, and
when Ethereum staking is more strongly concentrated in the
Lido protocol. These findings are consistent with those for the
DEX and similarly support Hypothesis 1 and Hypothesis 2.

Volatility as measured by absolute returns is positively associ-
ated with the magnitude of the basis. However, its impact
becomes insignificant as we include variables that capture as-
pects of risk, particularly the implied volatility index that is
used to measure sentiment. Secondary market liquidity,
although measured differently for the CEX, is inversely related
to the basis, similar to that of the DEX. Specifically, estimated
bid-ask spreads are highly significantly and positively associated
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with the basis. These results further confirm Hypothesis 3 and
imply that limits to arbitrage are an important factor for ex-
plaining the basis. Perhaps unexpectedly, the magnitude of the
liquid staking basis also increases in the trading volume of the
staking token. Since we already control for liquidity by
including bid-ask spreads, this finding is consistent with the
notion that high volume is indicative of noise trader risk,
making arbitrage activity more difficult as in De Long et al.
(1990).*°

We further investigate the impact of funding liquidity on the
liquid staking basis. Periods when forced liquidations are
relatively frequent coincide with periods when the basis is
relatively wide while controlling for market sentiment.
Forced liquidations indicate lower funding liquidity and
more capital-constrained investors. This finding is thus con-
sistent with the notion that when funding liquidity is low,
some capital-constrained investors quickly need to liquidate
their positions in the staking derivatives, hence decreasing
the tokens' prices relative to the underlying asset. Likewise,
funding constraints also make arbitrage activity more diffi-
cult and expensive, further hindering the exploitation of
arbitrage opportunities.*®

Regarding investor behavior, similar to the DEX and in support
of Hypothesis 4, we find evidence that increased awareness of
liquid staking is associated with smaller price differences while
investor “fear” is positively correlated with the magnitude of the
basis. The asymmetry in the magnitude of the liquid staking
basis depending on its sign is likewise present at the CEX.

Finally, we relate the liquid staking basis to the futures-spot
basis. The coefficient for the futures basis is statistically
insignificant. Therefore, the results do not indicate that the
futures basis conveys any additional information for the mag-
nitude of the liquid staking basis.

5.3 | Differences to the Determinants of the
Futures-Spot Basis

To gain a deeper understanding of the liquid staking basis, in
this section we examine how it compares to that of perpetual
cryptocurrency futures contracts. To this end, we estimate the
same model as before but using the futures basis as the
dependent variable. We then compare the results to those of
the liquid staking basis. This approach allows us to test whether
the determinants of price differences are similar across markets.
The results can be found in Table 5. For brevity, we only
highlight several key findings.

Expectedly, both limits to arbitrage and investor behavior
influence the basis of the perpetual futures contracts, consistent
with the prior literature on the pricing of futures contracts.
While we only find a weakly significant effect of volatility on
the absolute basis, the coefficient for bid-ask spreads is positive
and highly significant. Investor fear is likewise positively asso-
ciated with the width of the basis, although the magnitude of
this effect is much smaller than for liquid staking tokens. Fur-
thermore, the futures-spot basis is also wider during the
weekend when controlling for liquidity.

However, there are also important differences regarding the
determinants of both bases. In particular, investor attention is
positively associated with the futures-spot basis, suggesting that
in the more mature futures market, a lack of investor attention
is generally not a contributing factor to mispricing. On the
contrary, in that market, investor attention may be related to
investor herding or the formation of bubbles, which make
arbitrage activity more difficult (see also Cretarola and Figa-
Talamanca 2020). Moreover, the coefficient for forced liquida-
tions is negative and significant in this market. A potential
partial explanation for this result could be that, contrary to the
staking tokens, the futures sometimes trade at a premium while
the staking tokens usually trade at a discount. A decrease in
funding liquidity might thus still depress futures prices relative
to the underlying asset, but when futures generally trade at a
premium, the absolute basis would then decrease.

To summarize, the determinants of the bases of liquid staking
tokens and of futures contracts exhibit several similarities. Still,
there are some differences, likely due to the relative maturity of
the futures market and the different economic purposes the
tokens serve.

6 | Price Discovery in Liquid Staking Tokens

Without liquid staking, the staked amount is taken out of cir-
culation and hence cannot be used for trading. This illiquidity
may thus impair informational efficiency and price discovery.
Conversely, the liquidity provided by liquid staking tokens may
facilitate price discovery, similar to how the liquidity provided
by cryptocurrency futures benefits the price discovery process
(Aleti and Mizrach 2021; Alexander et al. 2020b). We formally
investigate this notion using modified information shares (Lien
and Shrestha 2009) and component shares (Gonzalo and
Granger 1995).

The results for Lido Staked Ether including both the DEX and
the CEX can be found in Panel A of Table 6. Overall, the staking
tokens contribute a substantial amount to price discovery. The
median of the daily modified information share of the staking
tokens at the DEX is about 23%, while the mean and the esti-
mated share for the full sample are even higher. Likely due to
the relatively low liquidity at the CEX, the staking tokens traded
there only contribute little to the price discovery process.
Component shares typically confirm these findings, although
the share of stETH at the DEX for the overall sample is even
larger.

In Panel B, we only compare the liquid staking basis at the CEX
and the DEX. Both information shares and component shares
are much larger for the liquid staking basis at the DEX, sug-
gesting that it leads price discovery, even though we have pre-
viously documented that the correlation of the bases is at almost
100%. This result aligns with the overall higher liquidity and
trading activity at the DEX as compared to liquid staking tokens
as traded on the CEX.

The previous results mask the substantial time-variation in the
staking tokens' contributions to the price discovery process. To
shed more light on this aspect, we plot the evolution of the price

17 of 27

85U017 SUOWILWIOD BAIIE8.D) 8|qeo!|dde 8y Aq peusenob ase ssplie YO ‘88N Jo S8|ni oy Ariq1aUlUQO 431 UO (SUONIPUOD-PUR-SWIBH WD A8 | 1M AIq 1 Ul |UO//SANY) SUORIPUOD Pue SWIB | 841 89S *[7202/TT/8z] U0 AriqiTauljuO AB[1A YRYlo!|qIgs LaeIseAIUN AQ 95522 INJ/Z00T OT/10p/w0d"Ae | Areiq1jeuljuo//sdny wouy papeojumod ‘0 ‘vE66960T



TABLE 5 | Determinants of the futures basis.

@ 2 3) @
fETH X crypto winter 0.001** —0.003*** —0.003*** —0.002%**
(2.24) (=7.40) (~6.65) (—6.44)
fSOL X crypto winter 0.006*** 0.003*** 0.003*** 0.004***
(9.33) (5.57) (6.36) (7.76)
Weekend —0.002%** 0.001** 0.001** 0.001**
(—6.04) (2.12) (2.09) (2.02)
Return{iing 0.001** 0.001* 0.001*
(1.98) (1.88) (1.90)
Return iy ing 0.000 0.000 0.000
(0.35) (0.25) (0.21)
Spreadp, . res 0.877%** 0.831%** 0.837**+*
(13.57) (11.91) (12.00)
Volumerygres —0.019%** —0.018%** —0.019%%*
(-3.61) (~3.36) (-3.55)
Forced liquidations —0.001%** —0.001%** —0.001%**
(—4.46) (—3.47) (—3.55)
Attention 0.000%** 0.000%**
(2.85) (2.87)
Sentiment 0.018*** 0.016%**
(5.90) (5.45)
Futures basis ;. 0.002:%%*
(7.34)
Contract FE v v v v
Hour FE v v v v
Adj. R? 0.06 0.27 0.28 0.28
Observations 14,592 14,590 14,590 14,590

Note: This table shows regression results for the determinants of the absolute futures basis as given by the relative differences between the futures and the spot market in
percent using hourly data from the CEX. fETH and fSOL are indicator variables for the respective futures contracts to capture the fixed effects. Crypto Winter is an

indicator variable for the period starting May 9th, 2022. Weekend is an indicator variable for Saturdays and Sundays (UTC). Returnﬁﬁ,’ﬁ’;ﬁfﬁng is the absolute log return of the

underlying cryptocurrency in percent and Return{’,‘,’ﬂ’e"ﬁ;mg an indicator variable set to one if this return is positive. Spread is the estimated bid-ask spread of the futures in
percent. Volume is the trading volume in the futures contract in USD 1bn. Forced Liquidations is the daily fraction of trading volume in all assets for a given underlying
cryptocurrency (i.e., staking derivatives, futures, and spot market) resulting from automatic unwinding of traders’ positions due to margin calls in percent. Attention is the

daily Google search volume index for the term “eth futures” or “sol futures”, scaled to the interval of 0 to 100. Sentiment is the value of the Deribit Volatility Index which

tracks the implied volatility of cryptocurrency derivatives. All models include a constant and fixed effects for the hour of the day. Robust t-statistics are given in

parentheses. ***, **_* denotes significance at the 1%, 5%, 10%-level, respectively.

discovery measures in Figure 5. As in Alexander et al. (2020b),
the daily observations are exponentially smoothed to reduce
noise. We again see that a significant amount of price discovery
happens in the liquid staking tokens at the DEX. The relevance
of this market for informational efficiency seems to have
increased during the second half of the sample which covers
the crypto winter. This suggests that the derivatives have
become more important in the price discovery process over
time, especially during the volatile period towards the end of
the sample. Likewise, the contribution of the DEX to price
discovery in the liquid staking basis has increased over time.

The results for the Solana-based tokens can be found in the
Appendix. While we do not investigate DEX trading for these
tokens, the conclusion that the importance of liquid staking

tokens for the price discovery process has increased over time is
confirmed in this market.

7 | Concluding Remarks

This paper examines a new form of derivative cryptocurrency
token: liquid staking tokens, which represent a share of staked
tokens in Proof-of-Stake blockchains. We empirically examine
the liquid staking basis as given by the price differences
between these tokens and their respective underlying crypto-
currency. While this basis is overall volatile, we find evidence
that staking incentives, concentration risks, limits to arbitrage,
and investor behavior constitute important factors that influ-
ence its magnitude. The basis is wider when the yields offered
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TABLE 6 | Price discovery.

Mod. Information Shares Component Shares
Mean Median Overall Mean Median Overall

Panel A: Ethereum prices

StETHpgx 26.93 22.93 53.90 26.83 24.04 87.41
StETH cpx 4.53 2.57 1.48 4.60 3.50 0.82
fETHcex 32.70 31.23 20.99 31.80 28.91 2.67
ETHcgx 35.85 37.15 23.63 36.77 35.68 9.11
Panel B: Ethereum liquid staking basis

StETH basispgx 84.92 96.67 99.26 95.55 98.30 99.33
StETH basiscgx 15.08 3.33 0.74 4.45 1.70 0.67

Note: This table shows modified information shares and component shares. Panel A is based on prices for the liquid staking token (stETH), the perpetual futures contracts
(fETH), and the underlying spot market (ETH). For stETH, prices from both the CEX and the DEX is included. The other assets are traded at the CEX. Panel B is based on
the liquid staking basis for stETH as traded on both venues. Means and medians are based on daily estimates while the column Overall contains the estimate for the full
sample. All values are given in percent.

(a) Mod. information shares Ethereum prices (b) Component shares Ethereum prices

100% 100%

80%

60%

40%

20%

2021-11 2022-01 2022-03 2022-05 2022-07 2022-09 2021-11 2022-01 2022-03 2022-05 2022-07 2022-09

ETH [0 fETH [ stETH [ stETH (DEX) ETH [0 fETH [ stETH [ stETH (DEX)
(¢) Mod. information shares Ethereum basis (d) Component shares Ethereum basis
100% 100%
80% 80%
60% 60%

40% 40%
20% 20%
2021-11 2022-01 2022-03 2022-05 2022-07 2022-09 2021-11 2022-01 2022-03 2022-05 2022-07 2022-09
DEX [ CEX DEX [ CEX
FIGURE 5 | Evolution of price discovery. Note: These graphs show daily modified information shares and component shares. For figures (a) and

(b), the respective measures are shown for the prices of the liquid staking token (stETH), the perpetual futures contract (fETH), and the respective
underlying asset (ETH). For stETH, prices from both the CEX and the DEX is included. The other assets are traded at the CEX. Figures (c) and (d)
show the respective measures applied to the liquid taking bases from both trading venues. For readability, the information shares are smoothed with
a trailing exponentially weighted moving average using 0.1 as the smoothing parameter. [Color figure can be viewed at wileyonlinelibrary.com]
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by the liquid staking protocol are low relative to the alternative
of staking directly and when secondary market liquidity is low,
consistent with limits to arbitrage. Concentration risks also
appear to be a relevant factor for investors in this market, since
the basis is wider when the share of stake deposited in the
liquid staking protocol is larger. Conversely, the basis is nar-
rower when investors pay more attention to liquid staking and
when they are more optimistic regarding the future develop-
ment of the cryptocurrency market. Information shares suggest
that liquid staking tokens contribute a significant and growing
amount to price discovery.

Our analyses are mostly based on contemporaneous relations.
Future work may investigate the time dynamics of the de-
terminants of the liquid staking basis in more detail or the
predictability of future returns based on the basis. Similarly,
most of our analyses focus on one liquid staking protocol, Lido
Staked Ether. Even though at the time of writing, this protocol
is by far the largest by market capitalization, and although we
additionally consider two other liquid staking derivatives for
robustness, future research may examine a broader set of
staking tokens or compare liquid staking to other forms of
delegated staking.

Our results have important implications for traders, other
DeFi market participants, and financial regulators alike. An
in-depth understanding of the pricing of these derivative
tokens is essential for managing their risks. From a regula-
tory perspective, our results are relevant since liquid staking
tokens appear to play a prominent role in the market turmoil
starting in May 2022. Furthermore, the growing popularity of
Proof-of-Stake blockchains and the switch of the
currently second largest cryptocurrency network, Ethereum,
from Proof-of-Work to Proof-of-Stake further amplify the
relevance of our results.
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Endnotes

"More recently, options on cryptocurrencies have emerged and sub-
sequently studied, see e.g. Hou et al. (2020), Cao and Celik (2021),
and Alexander et al. (2023).

2A variation of PoS is delegated proof-of-stake (dPoS). Under this

consensus mechanism, stakeholders can vote and elect witnesses
from a limited list of potential witnesses (usually about 100) that
then validate the next block of transactions. The weight of a vote
increases in the amount of stake a participant has in the
network. Rewards earned by the delegate are then shared with
those that voted for this delegate. Delegates are partially
incentivized by their reputation, as misbehavior makes it less
likely to be voted again since the stakeholders potentially lose
their stake.

*Direct staking is sometimes also referred to as “solo” or “protocol”
staking.

“Examples of centralized exchanges offering such services include
Coinbase and Binance.

SFor a detailed taxonomy of liquid staking protocols, see Gogol
et al. (2024).

See https://lido.fi/ and https://marinade.finance/. Other popular
liquid staking services are Ankr, Rocket Pool, and StakeWise.

’See https://ethereum.org/en/upgrades/
8https://coinmarketcap.com/currencies/steth/

® According to https://coinmarketcap.com/rankings/exchanges, FTX
was the 3rd largest cryptocurrency exchange during our sample
period. Importantly, it was the largest CEX for liquid staking tokens.

Intervals of 15 seconds are the highest frequency of OHLCV data
available via the FTX APL

" As discussed above, wstETH is a wrapped, reward-bearing version of
stETH that reflects the staking rewards similarly to the Solana-based
tokens in our sample. Lido stETH and wstETH tokens can be con-
verted using a trustless smart contract. However, only sStETH is listed
at FTX, motivating our choice of asset.

12 After estimating the model for stETH using the DEX data, we repeat
the analysis using the CEX data for the same asset and compare the
results to those obtained for the DEX. In analyses presented in the
Appendix, we additionally include the two Solana-based liquid
staking tokens in the model for robustness. Moreover, we estimate
the model separately for each token. The overall conclusions do not
materially differ.

13*We use high and low prices within adjacent 15 second intervals and
follow Corwin and Schultz (2012) by setting negative spread esti-
mates to zero.

14 All the times in this paper are UTC time.

5In untabulated tests, we repeat the analysis using 1 second quote
midpoints from Coinbase, a very liquid and active exchange. We
obtain virtually identical results.

16 A noteworthy point here is that these statistics are based on the raw
liquid staking basis, i.e., before any de-trending. For the reward-
bearing Solana-based tokens, the basis here thus also reflects the
staking rewards.

7Untabulated analyses show that the staking reward difference
has changed after the successful Merge. Overall, the difference
has increased and has become more volatile. This is because
after the Merge, validators not only receive the consensus layer
rewards, but also the more volatile execution layer rewards.

'8In addition to the contemporaneous relationships studied in this
section and to further examine the dynamics between limits to
arbitrage and the basis, we conduct vector autoregressions
and Granger causality tests similar to Roll, Schwartz, and
Subrahmanyam (2007), Kadapakkam and Kumar (2013), and Han
and Pan (2017). The results reported in Appendix B confirm our
findings. As in these prior studies, there appears to be
bidirectional Granger causality between liquidity and the mag-
nitude of the basis.
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In untabulated analyses, we separate volume into trading volume
when prices are increasing and when prices are decreasing. While
the effect of volume is more positive when prices are decreasing, it is
statistically significantly positive in both cases. Additionally, un-
tabulated results show that additionally including trading volume of
the spot market does not meaningfully change the result.

*Including forced liquidations, which are measured using data from
the CEX, into the regressions for the DEX above yields almost
identical results. When included in model (7) of Table 3, the
coefficient for forced liquidations is 0.057 with a t-statistic of 4.03.

2'Note that we only measure forced liquidations at a daily frequency,
contrary to the other variables of the VAR analysis.
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Appendix

In this appendix, we present additional results to establish the robustness
of our main findings. We first show regression results for the determinants
of the basis when including the Solana-based tokens. We then provide
evidence regarding the dynamic relationship between limits to arbitrage
and the basis. Finally, we analyze price discovery for Solana.

Appendix A

Determinants of the Liquid Staking Bases of Individual Tokens

We first show results of panel regression in Table A1 where we include
stSOL and mSOL alongside stETH as traded at the CEX. We include
fixed effects for each token to control for any systematic differences in
the bases of the different tokens. We furthermore include the binary
variable Crypto Winter and interact this variable with the token fixed
effects. We find that the overall conclusions do not materially differ
from the findings in Table 4. Moreover, we estimate the model sepa-
rately for each token. Again, the results are generally confirmed. While
not all coefficients are statistically significant, those that are have the
same sign as in the pooled model, except for the futures basis for stETH
and the crypto winter for the Solana-based tokens.
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TABLE Al | Determinants of the liquid staking bases of individual tokens at the CEX.

All stETH mSOL stSOL
stETH X crypto winter 2.606*** 2.614%%*
(129.35) (136.29)
mSOL X crypto winter 0.016*** —0.006***
(3.97) (=3.15)
stSOL X crypto winter —0.000 —0.029***
(~0.04) (—4.53)
Weekend 0.040%** 0.096%** —0.002 0.024%**
(6.13) (6.44) (—0.87) (2.70)
Return{hipe . 0.019%** 0.021 0.012%+* 0.022%+*
(3.72) 1.17) (8.11) (4.81)
Return{iuiing —0.004 0.003 0.001 —0.010*
(-0.61) (0.18) (0.61) (-1.86)
Spreadgying token 0.832%*+ 0.469%*+ 1151%* 1.393%#*
(11.15) (2.65) (19.39) (19.25)
Volumesaking token 0.489%** 1.240%** 0.131%** —0.008
(4.01) (4.82) (3.44) (—0.42)
Forced liquidations 0.029%** 0.033** 0.001 0.009**
(5.29) (2.37) (0.70) (2.45)
Attention —0.166%** —0.480*** —0.010** —0.007
(~=11.72) (~12.36) (=2.34) (=0.52)
Sentiment 1.845%+* 5.261%** 0.216™** —-0.133
(22.20) (30.14) (13.12) (~1.59)
Liquid staking basis ;. 0.009** 0.062 0.013%** 0.035%**
(2.27) (1.38) (6.69) (7.40)
Futures basis 0.163 —2.095%* 0.716%** 1.172%**
(1.10) (~2.49) (9.62) (7.04)
Token FE v — — —
Hour FE v v v v
Adj. R? 0.82 0.82 0.45 0.13
Observations 21,885 7,295 7,295 7,295
Sample end 2022-08 2022-08 2022-08 2022-08

Note: This table shows panel regression results for the determinants of the absolute liquid staking basis at the CEX. For staking tokens on Solana, the basis has been de-
trended using a linear time trend. Model (1) uses data on all staking tokens. In models (2)-(4), only data on stETH, mSOL, and stSOL is used, respectively. The
independent variables are defined as in Table 3 and Table 2. All models include a constant and fixed effects for the hour of the day. Robust t-statistics are given in

parentheses. ***, **_ * denotes significance at the 1%, 5%, 10%-level, respectively.

Appendix B
Dynamic Relationship Between Basis and Limits to Arbitrage

Next, we provide additional evidence supporting Hypothesis 3 by con-
ducting vector autoregressions (VAR) and Granger causality tests as in
Roll, Schwartz, and Subrahmanyam (2007) and Kadapakkam and
Kumar (2013). For brevity, we only provide the results for those vari-
ables relating to limits to arbitrage that are significant in our main
regressions in Table 3 and Table 4.

In untabulated first stage regressions, we estimate adjusted values of the
bases and the liquidity and volatility measures similar to Roll, Schwartz,
and Subrahmanyam (2007). In particular, we individually regress these

variables on binary variables indicating the hour of the day, the
weekend, the Crypto Winter, and the Post Merge period. We then es-
timate pairwise VAR models using the residuals of the first stage
regressions. We choose the lag length for each VAR individually ac-
cording to the Akaike and Bayesian Information Criteria from a max-
imum lag length of 24. When the two criteria do not agree, we take the
lower number of lags indicated by either of them. Across all estimated
VARs, the average chosen lag length is about 14 (hours).

The results are presented in Table Bl. Panel A shows the pairwise
correlations of VAR innovations (i.e., residuals). All correlations are
statistically significant except for forced liquidations, the proxy for
funding liquidity. The correlation coefficients, when significant, have
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TABLE Bl | Dynamic relationship between limits to arbitrage and the basis.

Panel A: Correlations between VAR innovations

BasisPEX BasisCEX
Pool size —0.279%**
Pool fees 0.133%+*
Return{ins., 0.036*** 0.081+**
Spreadstaking token 0.337%**
Volumesgking token 0.083%**+*
Forced liquidations —0.002
BasisCEX 0.303%%*

Panel B: Granger causality tests

H,: Row does not cause column

H,: Column does not cause row

BasisPFX BasisCEX BasisPFX BasisCEX
Pool size 74.38%** 13.89%**
Pool fees 26.89%* 278.81*%+*
Return{igs.q 27.25% 43.23%%* 37.63%* 64.35%+*
Spre’ddsmking token 212.45%%* 23.44%*
Volumesking token 77.24%%* 67.64%**
Forced liquidations 2.45 5.06
Basis“EX 265.23%*+ 1975.62%%*

Note: This table shows results for vector autoregressions (VAR) and Granger causality tests. The variables are defined as in Table 3 and Table 2. All variables are first

adjusted by taking the residuals of a regression of the variable on hour-of-day fixed effects and the binary variables Crypto Winter and Post Merge. Panel A shows

correlations of innovations of bi-variate VAR models for the adjusted variables in the row and column. The lag length of the VAR is chosen according to the minimum
indicated by AIC and BIC. Panel B shows chi-squared statistics of corresponding Granger causality tests. The null hypothesis is that the row (column) variable does not
Granger-cause the column (row) variable for the left (right) set of columns. ***, **, * denotes significance at the 1%, 5%, 10%-level, respectively.

the same sign as in the regressions in Section 5, consistent with
Hypothesis 3 regarding the co-movement of limits to arbitrage and the
magnitude of the liquid staking basis.

Panel B shows the results of pairwise Granger causality tests. Most
chi-squared test statistics are highly significant. In the first two
columns, the null hypotheses that the row variables do not Granger-
cause the column variables (the basis at the DEX and the CEX,
respectively) are rejected in all cases except for forced liquidations.?"
Similarly, in the rightmost two columns, the reverse null hypotheses
are rejected in all cases, again except for funding liquidity. For all
these variables we hence find evidence of bidirectional Granger
causality between the liquid staking basis and liquidity. Overall,
these results align with those presented in Section 5 and are con-
sistent with Hypothesis 3.

In the last row of Panel B, we consider Granger causality between
the bases at the DEX and the CEX. The test statistic for the null
hypothesis that the basis at the CEX does not Granger-cause the
basis at the DEX is significant, but substantially smaller than for the
null hypothesis in the other direction. This finding is consistent
with the results of the price discovery analysis as presented in
Table 6.

Finally, we analyze impulse response functions (IRFs) similar to the
studies mentioned above. IRFs tracks the effect of a one-time, unit
standard deviation positive shock. To orthogonalize the innovations, we
use the inverse of the Cholesky decomposition of the residual
covariance matrix. Figure B1 and Figure B2 show the cross responses of
the absolute basis and the liquidity and volatility measures for the DEX
and the CEX, respectively. The response of a variable to its own shock is
omitted for brevity. Note that the reported number of lags for the IRFs

vary because we select the optimum lag length according to the infor-
mation criteria for each VAR individually.

The results again confirm our main findings and support Hypothesis 3.
However, the IRFs shed further light on the time dynamics in the rela-
tionship between limits to arbitrage and the basis. We discuss the main
observations. In the first row of Figure B1, we find that the basis is neg-
atively impacted by positive shocks in pool size, i.e., by increases in the
available liquidity at the DEX. Shocks to the basis likewise have a negative
effect on pool size, but the reaction is slower. The effect of shocks to pool
fees is instantaneous and gradually decreases over time. Interestingly, pool
fees appear to increase gradually after a shock to the basis. Since a wider
basis might indicate imbalance in the pool's assets, higher fees incentivize
liquidity providers to restore balance in the pool. As shown in the last row,
shocks to the basis at one exchange impact the basis at the other exchange.
However, the impact of shocks to the basis at the DEX on the basis at the
CEX appears stronger than the opposite direction. The results for the CEX
in Figure B2 are overall similar and indicate a persistent effect of limits to
arbitrage on the liquid staking basis.

Appendix C

Price Discovery

Table C1 shows the results for price discovery of Solana at the CEX.
Both staking tokens contribute similar amounts to price discovery
that are likewise non-trival but substantially smaller than for the spot
and futures markets. Finally, Figure C1 depicts the evolution of the
daily price discovery measures for Solana, again showing time-
variation in the relative importance of the liquid staking derivatives.
On average, their contribution is larger during the second half of the
sample period.
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Impulse response functions for the DEX. Note: These graphs show orthogonalized impulse response functions for the DEX based

on bivariate vector autoregressions where the lag length is chosen according to the minimum indicated by AIC and BIC. Only cross-responses are

shown. The variables are as defined as in Table 3 and Table 4 but adjusted by taking the residuals of a first-stage regression on Crypto Winter, Post

Merge, Weekend, and the hour fixed effects.
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Response of Basis CEX to Spread

.03
.02
.01+
04
T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13
Response of Basis CEX to Volume
.03
.02
.01+
0,
T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13
Response of Basis CEX to Absolute Return
.03
.02
.01+
0,
T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13
Response of Basis CEX to Forced Liquidations
.01+
.005
o4 W
-.0054
T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13
FIGURE B2 |

.0024

.001+

-.001+

Response of Spread to Basis CEX

.006

.004 4

.0024

-.002+

Response of Volume to Basis CEX

.0005

—-.0005

Response of Absolute Return to Basis CEX

.005+

-.005+

-.014

1 2 3 4 5 6 7 8 9 10 11 12 13

Response of Forced Liquidations to Basis CEX

Impulse response functions for the CEX. Note: These graphs show orthogonalized impulse response functions for the CEX based

on bivariate vector autoregressions where the lag length is chosen according to the minimum indicated by AIC and BIC. Only cross-responses are

shown. The variables are as defined as in Table 3 and Table 4 but adjusted by taking the residuals of a first-stage regression on Crypto Winter, Post

Merge, Weekend,

and the hour fixed effects.

TABLE C1 | Price discovery for Solana.
Mod. information shares Component shares
Mean Median Overall Mean Median Overall
mSOLcgx 4.62 3.21 1.58 6.58 5.08 0.59
StSOLcex 5.41 3.17 1.04 6.73 5.52 0.93
fSOLcgx 46.43 47.46 52.67 45.77 49.84 65.33
SOLcEx 43.54 43.33 44.72 40.92 38.60 33.14

Note: This table shows modified information shares and component shares for the Solana-based liquid staking tokens, the perpetual futures contracts (fETH and fSOL),
and the spot market (SOL). Means and medians are based on daily estimates while the column Overall contains the estimate for the full sample. The prices of the staking
tokens are adjusted to remove the mechanical price increase relative to Solana using the de-trended basis. All values are given in percent.
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(a) Mod. information shares Solana (b) Component shares Solana
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FIGURE C1 | Evolution of price discovery for Solana. Note: These graphs show daily modified information shares and component shares for
Solana for the liquid staking tokens (mSOL and stSOL), the perpetual futures contract (fSOL), and the underlying (SOL). The prices of the Solana-
based staking tokens are adjusted to remove the mechanical price increase relative to Solana using the de-trended basis. However, using unadjusted
prices yields virtually identical results. For readability, the information shares are smoothed with a trailing exponentially weighted moving average
using 0.1 as the smoothing parameter.
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